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INTRODUCTION 


This BEGWws 


A NEw LéecTuRE series Add 
with the 


hard TASK of TALKING To You 


| Ara contronted 
DON'T KNOW Wheye TO HEGIN Some 


MoTLY crew, | gust 


at You nAve been Avound 


for Alton G TNME! OTHEVS ATE New + fwd SOME Don'T belonGe here 
So | AM GeING TO TRY 


fd MAKE The courS€ vAaTher TLE ~ 
MEenTATY To beoint WITh, EvewTvAuy WE WANT To EWd up IN 


QuawtyM ELEecTrOD PN AMICS CRED). BYT This won'T be casy 


becHuse There Ave SOME concepTum And mMATIEMATICAL Dittic OL TIES 
IN, QED, which WE MUST TACKLE, To ATTACK Twesé problems 
we MUST uUNdeErsTAnd Some QuAnTUe MEéechAnics CQM)- 
TAIS «(3 FEALCY 


| Goess 
A course IN PhYSics 
Goes ALONG. 


Ad we'tt See how iT 


| femlly Dow'T KOOW WhAT LEVEL To STAT TALKING ; AM! 
To Describe how TWO PITH HALLS Crtw bE ChAYGEN fwd MAdeE 
TO YEPEL 


or AiryACT E€AChoTher As A feMcTion of The imverse 
square of The piISTAWCE SEPATANNG Them? Some ot YOv Are 
LAUGhING > SomE NOT — WhAT Am | TO conclude? IL Neen A tor 
of QvesTIONs *Rom Poo TO Eley Slow ME DOWN OF SPEED 
me VP, Since 1 KWOw Pourve NOT 


A Timid GrovP, I'm Sore 
we'll be ALRIGHT, 


To beoin € WAwT TO EMPHASI*E Theft ElecTromAcwernric (EM) 
Sérces five owle A SMALL 


PATT of A MOTE PTEMATKALLE Phenom- 
CNAN - TAAT beinc The ProPAeATNDN o| whveS which LETS v§ 


seé The Si¥WS Arid feel The Presence of obdecT ,eTC, 
The iWtlvenceS SErsed OVET SreAT DISTANCES Which 
INTEYeST NG Than SIMPLE PUShes And PullS. You ALL ShouL DB Know 
That eftecTS CAN'T Proceen FASTEY Tntw Tre SPEEP of LICHT C, 

So if | had Two obvecTS sSerpAraATenN by Some DisT¥mce R, A force 
would bes fet On One ot Them, SAY, If | MovEN The OTher DACK 
And forth. If | mMoven fASTEr AYN FASTEY The Sdorce dbsecT, 
Then INETTIA wrel 


NoT AlWwW The dTher ObsecT TO Keep up. BuT tf 
LooKED ON AN ATOMIC LEVEL 


, 1 60rd STILL SEE The MuTVAL INTEr ACTION 
ALont® The radivS conmecTIng The TWO LET ME WIGGLE The Source 
back tid forth So FAST ThaT The oObuecT Doesn't Know WhaT 
I'M Done because The effecT TAKES A AMTE TME TO Vetch IT, 
DULING TAS TME INTECVAL The oNE ObveErT MUST Kee P OM DIING 
WhaT IT h#e Been powwe UNNL Tis EttecT chrwees IT MOdTION. 


You see Then There 1s & DYNAMIC EFffEecT oY ASPECT TO WAVE 
PrOPAGATION wich CAUSES A DELAY IN The ACTION. 'T will 


Wyn Out Ihe vVESULTING force 1S MOT DePrendenT ON !/R? boT 
yATwey FALLS of* AS The 


inverSe of The pisTANCE #5 R 
becomes LATGE, 


Ir 1S 
tS Much more 


MLL REGIN ,TheN, wiTh WhAT You ALL KNOW? 
ee am AOR 

dt* 
It's wrong for Doo reASONS: titsT, The MASS 1S 
NOT f& CONSTANT but rATher A fewcNoN OF The veLtociTyY W #Nd, 
Secowdl? There 1S wo” Thine AS A wete defined Posinon RR, Sort 
DoeSN'T Dd MP2 Goo To KNOW FF Ma, To undderstiwd The 
ProbLeMS We w AT 7 FiIrST Discuss The PRObLEM Ot MASs And 
VerouTy, the second Error 1S Moré prffIcCULT SO Wetec LET IT GO TIL LATER, 


RighT? Wrone! 


SPECIAL Theory of RELATIVITY Ref. Chapree IT vol EF 


We MuST bEGIN bY DISCUSSING The SPECIAL Theor’ otf RELATWITTY, 
That 18, for MoviNnG obvEecTS TIME Goes AT diffeyEewT SPeeDS, The besT 
Exf™Ple 'S The TWO CLOcKS ,one OW*% EftrTh The OThey 1Y A MOVING 
space SWiP. | will ASSUME You ALL KMOW This IN Our MOderw DAY 


ot SPACE TrAVEL, So | witt NOT DEhATE This tacT wih Some 
CRANKS And ASsume IT 1S TYVUE. 


| wAWT TO DiScusS The behrAvior ot Thinmoes AMONG ThemséLvEeSs 
ENCLOSED LIKE IN & SPACESHIP Ad ShOwW how The rvesutTS ATE 
The same AS If You were AT TEST. STATED AWOTher wy The resucTS 
CONDUCTED INSIDE A SPACESHIP COASTING Alone W A STYAIGhHT Line 
AT AM AbsotuTe SPEED efevven WD The DistTAwt: STATS ALE NOT 
INFLUEMCED BY THAT MOTION. The STATEMENT TwaT ALL Phenomena 
Ate The SAME IY A MovING or STANONALY trAmEe tormS The 
basic hypoThesis of The SpeciAL Theory of ReLATIVITY CSTR), 
From This WP POTHESIS A LoT cAN bE deduced. 


The fist Descripnon of The Monon of A body IN SPACE WAS 
GIVEN BY NEWTON. I'LL Givé here A MODEN ANALYNCALLY STMTE- 
PENT Of WhAT he YEASONED. WE have TWO coordinates Frames 
In which frame M, The Primen S¥STem , 1S MOVING AT A COWSTANT 
VerocatTY UW retATIVE TO The STATION Ary ,S, Frame, For Cont vemence 


At Time T=0O Thety ORIGINS CoIncidem, Thus AN ObJECT IS 
LOCATED IN The TWd TraAmeES AT? 


xox and Ye at Teo 
(ere , yer AP beg 


This SET of fELATIONS Show hOW ONE MAN mMeEASUTES PosITIOM 
And TIME AS seen ftom A DitterentT PoT of VIEW, SINCE The 
SPEED OF The MovIne trAME IS CONSTANT And The force is A toncron 
of ACCELEYATION, The FESULTING MOTION IS The Sfime AS SEEN bi 
The Two observers, ThaT 1S, 


F- yn dix Fis mid xX 
dt* dt” 
buT mem! 5 tat’ SO WE SEE Fr-F' 


We MUST KEEP STYAIGhT ThAT We ATE LooKING AT SOMETHING from 
Two POINT of views which Are DifferewT, TS MAKES The SITUATION 
piftficurt To ANALYZE, IT 1s mMAde DifticurT by The Hum AN britin 
Thnt witnT To follow ONE LINE OF FEASONING. WE Are of TEN 
forced To chAnce ovr Point ot view in The midd lé ot AN AtouMewT 
To Figure ooT wWhAT 13 GOING TO hAPPEN: For insTAMCE, SUPPOSE 
we han A Pool THhlie Nn A SPACE ShIP., If WE were AT TEST IN 
The ShiP, WE Could write The EquAMoms oF MoTIOM OF The BALL 
Accvoss Tee TAbLE AWD Prenicy wushich SPOTS I(T would Rodl over 
ON ITs we TO RH PreBEeTEerMimED POCKET. Nous AN ObSErveEr ovl- 
Side LookimMe AT The Mbte fly by MLST GET The Sfme results 
SINCE He KNOWS WhAT Should hp pen if he were Hued INSide, 
HUYGEN SuccesSfullLy APPLIED Similfy VETSONING TO DISCOvEer The 
LmoS Of CONSETVATION of LINEAT MOMENTUM, InsTend SF & SPACESHIO 


he hAD A boAT. RET: Chaprer tg vor tT 


Newton'S LAws held UNTIL The LAwS GoverniING EM ProPAGATION 
were @sTAbLIShed IN The LATET 1800'S. \r WAS A coONMSEQvEn ce 
ot MAX WELL'S EQUATIONS TnaT Whves PrOP A GATED AT Tne SPECD C. 
With f “xen verociTY IT Then Seemed Possible Te beTecT A 
MOVING SYSTEM. ImMAGIME A SPACESHIP MovinG AT A VELOCITY ot 
100,000 mites /Sec ANd A lLiehT Poise emitren AY The rear ProP- 
fronwNNG Towhyd The NOSE. BY The TIME LighT hftd YeAchet The 
PNT where The POSE WAS AT The The of Emissi0N , IT wAS Nou 


‘eorTner out becuse IT nad MOVED 100,000 Mg Times T » 
EvewALLY The LIGhKT weutd CATCH VP bYT The APPATEWT VELOCITY 
would bE C-U = 86,000 m/s AS the ProPAGANON VELOCITY. 


ie The SHIP WENT The OTRey WAY The *PPATeNT velociTY WAS 
286,cv0 M/S, How cAn iT be MAT LIOhT PrOPNGATES AT 
Tre veroctTY @ 2 Obviouser IT ch'T, SINCE Mr WweELL'S Lfws 
were Newey egntbushed , thet wece The Most sosPienous, 


A experiment wAS PrétecmeD To PETELT The AbSOLUT E 
VeLoctITY of The GARTK. Tre ibe*# wAS To MeéASYTE The DME 
pitterevce in A LIGhT GOING ONT ,STTIKING. A Mirror, Amd 
COmMiInG bACK, Sinc€ LiGhT OSCILL ATES 10'S nme /sec 


3. 


IT WAS TEASONEd by MAKING A PhASE MPATISON ot The jnTer- 


fevene frinces ove PATT IN 10'S contd be MEAS ured. The ExPéeri- 
MENT 1S The wow frmous 


MichelSon- MORLEY EXPERIMENT? 


= Uwe GS 
—»> VU i 
le ; 
I CE 
wAVES é 
iM PHASE 
To twd The round TIP TME ALONG PATR Ly 
¢ ™ [By + li = eure 
PS Caw Cry Ct-ue 


To fusd To we first 


WoTE The APPATATUS 
sO bY The 


ASSOCIATED TYIANGLE, 
a a 
pers ett- wt ee fe*~w") 
te 3 lz 
Jot-ut 


ALONG The 


Is TrANSLATed Trroveh ut 


on 


So The roune TIP Time €1@-%AG PATH Is 


Pie | 6 Sox a 
{ ct-yt 
Rewmneg The Two Nmeées 
t 
ali ee ) 
a = a 1- Wier 
Fe m Qiks 1 


Cc q =.) 
The denominATors CEPFESENT The 


MopificAtons IN The TMES cAusED 


by The MOTOWN oF The APPATATUS ANd They ATE NOT EQUAL. We MtohT 
Think bl: #le 


buT The? NEEDN'T be EQVAL SINCE FrOTANMG The AP- 
PACS Trrove h 90° 


MULLS oot AWY IWEQVUAUITIES Which Surety 
Exist, WE Then look Dor A Shift 


In The sTerfteremce trinces 
when Wwe rotate The APPAYLATUS. 

Since The GitTh RAS A orbiraL SPEED Ot AbouT IB mites /Sec, 
Vig ~ 104% so Ther were Looking For 


Ditferewces 
parr in (08 which 


one 
corresponds To w#tew tHimoes. Such AN 
Accur ACY whS ObTHNAbLE buT NO Me Difference was found. 


This vsAS The BesinninG of The Troobte, Ts experimenT 


Plus Newtons Liws fiid MAKWweLL'S iDeR of A fixed SPEED 
of LiohT Lend To IMCONSISTENCIES. 


4 


ASTET TRYING TD YEWOoRK MAXWELL'S EQUATIONS find CrEATING 
Some New Phenomenrt Which could NOT be observe, New TOn''S 
Litw'S SapAilY CMe vader ScruNMy. The ime ot YeLANVITY WAS 
ESTAbLIShed but APP AYENTLP he hfd The wrono TANS tormMATION 
EQUATIONS, The IDEA ThaT LichT TrAvetep AT '!86, 000 misec wAS 
AccePTED ANd Powcahre ESTAbLIShed The iDEA ThaT There WAS ND 
WAX To DETETMINE AN AbSOLYUTE VELOCITY, 


Ir WAS LEfT To lorewr2 To SOLVe The APPATEWT PfTADOX ot 
The MichelLSon- MOrle? CXPEr/MEeWT. HIS contyibuTiom WAS A 
NEw SET OF TY AWS forMATION EQUATIONS CONSISTENT WiITh BoTh 
MAX WeELL'S EQUATONS AWd The Principle of RELATIVITY. They Ares 


Re RSL 5 ae 


oY. = Bee 5 C2 Sees 
Yi- Ver 


)- wriar 


FurThermoré, AT vewocties much LES Than C_ Theses EQUATIONS 
TEDUCE To TYOSE OF NEWTONS WE whwT TO DiScoss The 


Character of The Terms APPEATING IN The Se EQUATIONS Anid Show 
Trey MAKE SENSE. 


Suppose we Are AT Tre Orion ot A teterence fram € ANd We 
LeT our A borsT of Li@hT + Where 18 The wave tronT AT TME 
T% Weel ThaT’S EAS? 5 ITS AT A=CT, WhaAT'S LITE UP Then? 
AGAIN ThaT'S EAST 9 IT'S YOST A Sphere Whose EQUATION IS 3 

fer} "= xt=y*~ z* =o 

Now imMAGINE SOME GUY GOING BY ANd 
is AT PONT P AT TME T. ASSUME he 
Atso wAS AY The orrotn whem The 
LiohT WAS EMITTED, Miractes oF MirActes 
Twig YoKER 18 GOING TO ThiNK he ts iN 
Tre mibaoié OF The SAME HAMN sphere 


Which SOUNdS INcreDIbLé. LeT’s CALCULATE 
WhAT he would SE€E3% The SPhere 


in hiS COORDINATES WovLd bE 
Givem bY 


We, A j~ _.¥ 
[et] °-x-yo-2°=0 
USING our TyrAWS torMANONS : 
u = Uxy* - : z 
ct (t~ = (rey o*. oe" oe 
Che ee) (1=27%) 
Look ING AT The tT” Terms u ~~) d 
op wee Ret. ott eee 
C1- Zr) a se | i wey a) 


iS 


IT 1S EAS? To SEE The cross Terms SUbTYACT OuT 
ee ~ uty =o 
ce 


Nous The X™ TErMS 


za z 
a a SS ess 
5 ee a ead fas Che Ve) 


The YesvlLT 1S TwAT The Two men SEE The SAme SPhere ! 
Ct Rates = Ct 2K = 8 
or Ct-A = ct'=,r' =e 
Such A QUANTITY THAT DOES NOT chAVOE MS LEVGETH UNAer A 
TraAnSierm ANON 1S AN INVATLANT. STATED ANoTher WAY: AN 
INVATIANT BoES NOT ChANGE Or DEPEND ON The Point OF View, 


WE wootd LiKe JO UNndeSTANd This TYANS Form ATION A LITTLE 
bemer 80 LETS OOK Ad See, first, WhAT hAPPENS To Tine. 
Ouv IMMEDIATE obSErUATION STHAT t'+T So THAT A Mouwe CLK 
CAWNOT hAVE The SAME TIME SCALE AS A STATIONArY Clock, How ch 
This bef WELL FirsT we must Hecdde OW WhAT WE MEA bY A 
Clock, Cas we vSe A DELAPING M-MESON or perhaps The more 
CONVENTIONAL SPrino-MASs erock?® NO! We mvuST INVENT A CLOCK 
WhoS€ ULTIMATE MechANISM IS LighT ITSELF, ONE Soch A clock wootd 
be A hollow vod perhnes A meres long, AT Ech Ewd IS Fixen A 
Mirror. When A LignT Potse 1S EmMtitep AT The boltom” IT GOES OP, 
bounces , fd cOmMES bACK TO The boTTOM ~ This 1S ONE CLICK, 


Nou we MAKE Two ot These clocxS and Give ONE 
The feLlow IN The Space shiP And owe To The fellow 
OW Tne Groudd, They jNIMALLY SYNChrOoNItzE Them Awd 
Acree The vertncAl DiIsMtwce between The MIRRORS 
Poes MOT ChANGE. ThEY Do This with Lime Wives ON 
both Ends of The rod which woud ScraTch Tye orver vod 
AS 1T Goes by. BY SYMMETYY The Two Sets of KNives 
MusT rub blabes or A SCraATch voitt be LEFT bei.ow 
The other SET. SINCE Tre MOON IS TELATVE, THE ATeomenT 
Could be YEVETSED fidd concLuUBED The Movine GoY's KNives 
Scratched guTSide The “SrmMon-ATY" ones. Thus P=p' 1S A NEcCeSsATY 
ConSequenc€ of The SYMmeETYY of NATURE, 


k— gp ——4 


Lets Look AT The MoTION of The CLOCK fitd LIGhT PAT 
AS viewed trem The STHNONARY Observer? 


G: 


The first Thines S The smmionary coy, Discovers 18 THAT M's clock 

IS GOING Slow bY A FACTOR of (1-7%cr) | To see how This courd 

happen LeTS Look AT The Above ORAWING from The PoinT of view 

of M. The rouvsd Tre TNME he MEASOTES 46, A CLICK IS GIVEN bY 
ts 2h. 


c 
Bur AS The LIGKT PropAGATES 


The Tube 18 BEING TYAWSLATED Throveh ul/2, 
Since The LighT MUST SPY W The WE, IT MUST FOLLOW Tre DIRGOWAL 


Shown iw The Above RDrAwinG. ThAT IS, LIGhT TYAVELS farther iN 
The movin® SYSTEM IT There fore TAKES LonGer TO MAKE A round 
TriP or A CLICK. To The SMTONARY ObSevver WATCHING hig Clocle 
he Sees hIS CLICK ANd hAS TO WAIT for 


The Moviné CLOCK To 
TKK off ITS “Second”, 


WE cALcvLATE This PATH Leveth Frllowed 
by The TYANSLATING clocK JOST AS before, 


ta et *aytt” = £' cet} 


L= te [ip Fyer 


We see The “effective speed OF LIGhT 1S Chftwoen by A facTOR 
ot Ji-*¥e . ComPATING Our Wo 


OR. 


TESULTS 
o,= Ae [mre 
tm (a 

(as Pi-vyer 


So we CONCLUAE he movino 


; cock 18 Slower by A Sactor 
oF Ci- Yer" eke 


Tm = S 
1 i= weed 
1 wnt To SESS of Gewerauty of THis vesurT 5 iT IS 
wWwdeperment of The TyPEe of CLOCK WE USE. Be iT rAdipaActivE 


DECAY or WheelS ANA Gers The 


Since ALL CLOCKS GO SlLowsF—r IN A MOVING SPACE ShIP, WE MYST 
AccePT Thit ALL Phenomena such AS bioloGicAt 

ALSO SLOWED “Do.wWN — ThAT IS) We UWovld 
A TAST@ Movie SPACE ShiP! 


SLOW -DowN FAcTOY 1S STILL Vieeye. 


MOVEMENTS fHE 
LIVE LONGER IN 


lLorenTzZ ConTTACTION 


ONE MORE CONSEQUENCE OF ThiS EXPERIMENT. If WE TUYN The rob 
90 decrees So IT IS LYING 


ALONG The DiIrecTION OF MOTION, WE 
Find The LEneTh ot The 


rod hAS ChANGE. IN TACT, IT contracts 
bY wt The S@ufve fool J y-veyer 


OR 

Lay = Lo -TYer 
Thus The Movisne observer IS MERSUTING The LIChT PATh over A 
ShorTENED YULER, 


SIMULTANEITY 


So fr we don't understand The Term “*/ct IN The Time 


TrANSHorMATION bot This IS QUITE INTETESTING Add UNEXPECTED. We 
WANT T TALK AbouT 2 EVENTS LIKE FLASHES Of LIGHTS SCCOrTING 


AT €@ pehwite TIME, It TOTMS ouT TWo EvewTs occurmnoe SIMULTANEOUS~ 
Ly 


To The Moving GUY WILL NoT Appehr SimutTEOUS To The STA- 
TOwWArt Obsevver, LETS DEVISE 


AN EXPEeriMENT To See how This 
Could be. 


Suppose HM has Too clocksS LIKE WE DESCVIbEd EnrlieEr 
owe AT The frowT oF His ShiP The OTher AT The reArr. AT 
Tre center of his ApPATTUS he hAS A LighT source. When A 
borsT of lehT IS veleASED , IT SPrenDS OVT ANd TYAVELS 
both feauwArd And baAcKWARd, We deflect The UWehT UP The 
TodS fd ir bounces bAcK To STrIKE A CounTéer OR betl 

Or SomMEeTING TO TELL YOO When fF hiTS The bottom, 


WITr This 


ExPerimMenT M 1S 
boTromM of The ods 


AT The Same ME. BUT WhART DOES The sTANONAY 
observer see? 


CONVINCED The Wo LAYS STTIKE The 


Well, he would Acree Whew The tinsh wAS emiTend buT he 
Also NOTES The frowT clocK,F, 1S MoviNe AWAY from Tre LIGhT 
AY sPeED Im Whil€ The rerr clock, R is APPrOACHING Tne 


Liow) AT Tne Sfme SPEEd VW. DbvioustY Then The ref Clock 


would veetsTer before The fronT one! He covtd wor SAP 
The Events Occurred SIMULTANEOUSLY, Thus WE have A faiLore 
OF SIMULTANEITY AT A daISTANMCE” And SIMULTANEITY 1S) NO LONGEr 


A UNIQLE MOMEWwT, The ONLY CONCLUSION WE CAN MAKE IS €QuALl 
values of tio IN M's system cogrespond te different vALvES 
of tim S's SYSTEM. The CONNECTION Ot The noo Time SCALES 

IS Given bY tts G= ™x7e* 


fi-VYcr 
8, 


The Wheél Analocy 


| wast 70 Go ON with The Discussion of ReLATWITY Thar 
1 sTArTEed TO develope LAST ThMe. However, | WAS TOld TO Lecture 
on A very ElemeNTAY bevel TO You. This DiStwrbs ME A LITTLE be- 
CAVSE ALL OF You ATE colléce GrAdVATES ANd | Shoud be AbLE to 
TALK ON A LINLE hieher Levelt. So Itt CheAT AND lwsTeAd of 
TEPERATING The MATEMIAL | TAvehT To The Fres hmew fd SoPho moves 
AT CALTECh, ILL TYY TD GIVE SOME NEW MATESAL. 


The TYANSHOYMATION EQUATIONS 1 DEVELOPED WeEVE Those of Loréurz 
And which | ShALL rewriTe here: 


x's x-vet y'sy @':Z t's t- UX/er 
owe. Yrewyer 


Mow | would like TO Give AN FNALOG of how To INTErPErT These 
EQUATIONS bY DESCYIBING WhAT WE See ot A POLLING , TTANS LANNG 


Wheel. SuPpose we have A Wheel wiTh Spores rAA\ATING ouT 
In The FOLLOWING PATTERN: 


To AN observer f)xEen IN The Trame TYANS LATING With vELlociTY WU 
The EQuvATION of The MoTION could be wriTen 


x' =: acoswt'! 
Y'= asinwt' 


Im This frame maASSES 3 ANA 7 Are SAID FO SIMULTANEDUSLY 


cross The WortEOnTAL AXIS; mASS 3 PASSING DowNWwArd AT The 
INSTANT AND MASS 7 MovING ULPWATd. 


To A sTAMOnAry observer The ShAPE of The Wheel 1S NOLONGer 


CirculAr bur TAKES ON AN ELLIPSOIDAL ShAPE whitch IS Shyruwk 
EXACTLY AS {i-Vv¥aT 3 


BECAUSE The wheel IS TurninG WE hAVE TO worrt About & few 
ThinGS. Ove There tS A CONTYACTION AT The TOP which 1S Hloeher 
TW An The MEAN CONTYACTION OF The Wheel. This MOVES MASSES ZAWd 
8 closer To MASS | ANd MASSES 4 Ad © ATE Farther WAY from 
MASS 5. AlSo MASSES 3 ANA 7 AYE NO LONGEL SimuLTANEOUSLY 
CYOSSING The hOritonrmAr, MASS 7 IS ALYEAdY PAST IT Awd MASS 
a whiS Ver TO cress IT, 


As IT Wrntd OUT FernmaAn wAs ver’ Sorry he RrouvchT Is 
Andloeé? UP beckuse IT IS NECESSATY To DEFINE The Wheel IN Socth 
A wAt THAT SCenerAr VELATIVITY, INVOLUING CUOYVED SPACE, GoT INTO 
The DISCUSSION. IN ESSENCE , WhAT he WANTED FO Show WAS 
Given The Wheel iw S THNOWATY MONON \1.€., NoT WAWSERTNG 
for om€ ObSErver, the EQuUANON OF how iT ShovId LOOK To Some- 
ene ElSe Godld be devwed SKnvowlWG The WANSTOrMATNON EQUATIONS, 


TRANSSOr MATION oF VecociTles REF Chaprer lo vot 


AnoTher impocTAwT Problem 1S The TRANS SorMANON ot VelocatTics, 
We IMAGINE A SPACE ShiP PASSING BY IN Which AN dbyuecT 1S 
Shot forward AT VElociITY UW. To The MAN TYAVELING IN The ShiP 
he SAYS The pbuolLET hAS TrAVELED 

ys at" 
To Find out wWwhAT vetociT? The GUY OWN The Ground Sees we 
MUST CALCULATE The APpATewT VEeLocITY S€EW bY ThiS sTANOWATY 
ObSEVVET. The ANSWEeY IS NOT AS Simpre AS UtV If he Ship 
IS MOVING A SPEED V. WE NEED TO Then CALCULATE 
= «* 
VApp “me 


To PO Thi§S WE NEEd Tre INVEerse LorewTte Trans to eM ATIONS 
whith fre EAsilLy obTmNed by SYMMETRY AS 


ye ewe y=y' Z2z t?- tp VXYor 
¥i-¥7ct [i= Veet 


We SAY EtsiLY ObMINED becHuse ALL WE NEER Do 1S ChANoe 
V— -V since Tne sTmMONATY ObServers APPEATS" To be 
MOVING IN The OPPOSITE DITECTION ThAN The SPACE ShItP. Thus 
WE WAVE inserTine x'? “T' 2 


' 


y= ut's vt! Vey’ 22 Z' c oe 
Yy~ VY¥er {i-Vvycr 
t 
50 THAT Vapp = X = Se eee: 
t EP eye e! 
ce 


Dividine ovtl the ie WE have, 
Varo = an 


This YELANON TELLS US how TO ADH velocities IN YELATWITY. To 
check TniS fermoLA ASSUME UTC Then 
Cctv 
See a eG 
1+ 
Cc 
SO IT DOESN'T APPEAT LIGhT CAN TrAveL FASTEY Than C., 
Suppose Ur>%ec ANd V=EnNC, 


Varp = 


¥2¢ . Pa 
VAPP = ee a = a (eek 
I ¢ 
ie 4 cr 


And WE DON'T QuITE MAKE IT TO The SPEEd of LIGhT. 


We cRN chawoe TiS Above EQUATION TO AN Addinmon LAW 
if We WANSform The véevocimies LIKE 
U= TANH Wi V= TANh Wr 


Vapp >= TAanh Cwit Wr) 
BuT THiS MAY be neyood A tew of You So 1} WoNn'T Pursue This, 


Then , 


RELATIVISTIC DYNAMICS 

There Are OTner QUANYTINES Which we would LIKE To TrtwSform 
Which Are wot So EASY To Hd. We NEED TO ESTAHLISH A GUIDE 
To use These TYAWSTOPMATION LOS. THAT IS, WE MUST hAVE Some 
PhYSichL LAWS which “Terr” YoU TheY MuST be The SAME UNder 

A LorewsTé TrANSTOTMATNON. ONE Such SET IS The MAXWELL EQUATIONS 
Which, of cours€, Gor THiS Whole MESS GOING, BUT These € QuATIONS 
mush be INVAYIANT Under A LovenTé TrfwStorMATION. IT 1S Twis 
DYNAMIC CASE “retTrer Tnhw The KINEMATIC CASE WE WAVE discussed 
So ffr TRAT IMPOSES Some IWTETESTING CriTeTiA ON The LAws ot NATUSE.- 


WhAT | WANT TO Tett YOu 1S how The Three COmMPoNEWTS 
of Tne MomMenTum ANd ENEetoy Trawstorm. | Wwrawr TO Show 
They trams form JsuST LiKE x,¥,t ANd CT VEeSPecTivecy. 
ThAT 1S, 


Px = Pee ee Py = Py Pz2 Pe Es E - PV 
Se 1 1- Y¥ct 


Where E/ct IS ANALOGOUS To TIME So We CALL IT The 
TIME compowenl of The MOMEWTM. 


| GvésS 1 would LIKE To STHT over by showine how Newton's 
LAwS ATE ChAwGEed by retATvITY. We have A YTELATIONSHIP Which 
SAY = 
: @ 2 J fate J 
dt {1-VY%e at 
where a. 7 dx ik dy \? d2z\* 
aie ae) dt az] 


We See That F#ma ANYMore AS WE mentioned LAST TIME 
becAUse The VELATIVISNC MASS 1S Now OA’ towcnom of veLouTy 
which MUST INSIGDE The difterewnmaAL SINCE 


F= 2d fF 
ANd P Us GIVEN bY = me AR 
li-Y¥er dt 


TWis 1S EiNSTEIN'S Modificanon of NewTon’S LAWS. IT 15 Tris 
MOMENTUM which MUST be comSeErveD. 


Now wWhAT we wAhTed To Show Then 18 ThaT Px = = dx 
TrANSforms JUST LIKE X And So forth. To discuss Tus | et IF 
YELATION WE GET INVOLVED WiTh UNSYMMETYICAL TEYMS LIKE dXx/dt. Ta 
@er Aroond Mis difficulty SOPPOSE WE HAVE A PACNCLE MovintG 
Along SomMEeE PATH Detinen AT A GivewW TIME T by The PhrameTers 


X(t), Vet), ecey, t ae 


Nowin Amother system The EQvANOWS of The Particle Are olVvEew by 


x“), VCC), e'ct'), t' ANd The oymstormanon’ recAMons CET A LITE 
MESSY. 


SuPPose we define SomE NEw ParAmeTer K Which chaWGES wih 
TIME So OVC COORDINATE becomes: 
Xcm) , YOu), ECK) , TK) 
Then The TANSfor MATION TO The PRIME COORDINATE IS 
Xk) 2 KO) = VCO ETC, 


[y-¥¥%eu 


For The vElocTIES WE Thew have 


dX. dy. Oe ste dt he 
oe ae Ax Oe ial da dx 
so MAT ye e d\x > Vdc fri The ve LOcITIE § Tran storm 
Tre SiMe jf WE {i-Vv¥ce =fidd Some PArAmeEeTEer M ushich 


we ALL -cAn #GrEE UPON. THAT 1S, WE whnT To ESTABLISH Some 
ScALE Which orders The mMoméwTS ALONG The LINE Which we 
ALL Aoveeé To. Sock A theTeRr 1S ObvIOUSLY NOT TIME. 


IZ 


PROPER TIME 


SuPPoSE WE Tide ALONG With The PATTICLE Lotente TrANS form ING 
The Time AS WE Go, The INTervVAL 


BETWEEN TWO MOMENTS CLOSE TO 
eErxchoTner 1S iNdePENdeENT 


oF The cooRdIN ATE SYSTEM USE ANd 15 
deMwed To bE The ProPer TIME bETWwEEW The EVENTS. This nme 


MEASUYES how Love A CLOCK MoyvINe WIT The PATHCLE Clicks off. 
IT 1S DETETMINEd by The TreLATNON 


AOS= At) fi-VY¥cr 


AS 1S The Time InTeRVAL IN GOING FrOM MomEenT 170 2 MEASLFTEDW 
The YvesT Coordin ATE TrAamMeé, 


We NOW vunderSTANd THAT The MOomeNTUM 1S The rate of ChANGe 
Wilh TESPECT TO The Proper TIME Ey 


Py = MogX py = mo Sf Pes mod? Py= me dE 
Tus 18 EASY To see If we subsnTuTe for ds, dtfp=vy,. . The 
EQuUANONS WE GET ATE 
Py= Mo dx  PpysMe d¥ p= mdt se 
Vier dt W% at m ling, dt o ieee 
Which iS EXACTLY WhAT we GEéET from 
p= Mo dk 


N= Ye dt 


We see Then ThAT The SQuare root {1-Y¥e APPEATS IN 
The denominator ot The MOMENTUM NOT becHuSE Somebody wrnted 


To PuT IT There Arbitvarily but rATher becAuse IT MAKES The 
MoMentvM LorenTé INVATIFAINT, ThAT 1S, bY ShowiNG The PrOPEr TIME 
IS The SAME reedrdless OF The observers frame We Thus Show 


The MOMERTVM IS The SAME. 
Since we recAlr The dehwition oF Tre MomeENTVM TO be 
P=mv 
We must eQuaTE M wit A fowcnonw oF The VetociTY, 
WV = Paral 5 
1i- V¥cr 
A consequence of Tis RLATION STYS When pou heat A box Foe 


of CASE MOLECULES IT WEIGHS More becuse The nerensed vetociTy, 
SvuPPose VEC So wEeE CAW Write To fA Geod APPMOXIMATION, 


~ ke et 
mM =~ Mot 2. Mov a 
Thus , The increase yy MASS 1S ProParnonwAL TO The 
ForTher we CAnw wriTé 
M-mMo = Ame AK.E. 
ar 


IN CYEAS © IW TemPErAnre, 
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FinaALcy , The tourth COMPONENT oF The MOMENTUM Pe 1s The Time 
COMPONENT, We hAVE The YeELATION 


Pe - E = Yo 
ct 
es f= %e 
es Mee” 2 we” 
i v¥o2 


ushere mM = DYNAMIC MASS 


EQuivAcence of Mass £ Enero Re}. Charprer 1S Wor 


WE would Now LIKE To Show how ewere? ANd MASS Are ELATEd. 
lf we Assume AS God GIVEN FACTS The foLlowime 3 reLcATONS: 
E=mct P=emV¥ - F= 4 P 
dt 
WE chn Show m= Mo Jin a 


TO DO TiS TAKE The Dor ProducT of V with F TO CALCULATE The 
pate dF Chance ot The Eewerer 


dE s Bey = vay 
af > Fev m 
ia dE = vdmv)= vidm+ Vmdv 


Now E=mct so 
ctdm= vitdmt Vmdv 


dm (ct-vt) = mvdv 


dm = Vv dv 
m ct-v> 
INTECrATING This z 
| ee - + fn@*v*) TF ComsTAny 
to hnd The ConsmANT we Assume AT V=0 Miv)= mo Then 
Am mo = -4Anct + comsmmT 
SUBIFACIING , An M ~ -1 Xy(!-“A) 
ma ct 


EX PonenNANNG 
vy = Mo 


{1-Y¥r 


Wis EguivArewce of MASS And Energy HAS been MeEeAsored 
FXPETIMENTALLY, Whew fy ELECTRON fired Positron ANNthILATE hch— 
other The vo So bY EMITTING 2 GimMA rAYS BOTH wiITR Eweroy 
moc, 


SPACE-TIME INTERVALS 


1 ShALL bec ToDAPS TALK be wriTiING Down, once AGAIN, The 
LorenT% ThwStormM ATION bETWeen “Movie” And “srATonary dbSEVERS: 


V2, sie ! t — UX fer 
x> == YoY #22 t's 
P= F¥e2 fi- Tyce 


We would LIKE To ET of othe c's im These €QvATION And Do 
so by dehwine ovr omtTS so THAT CG=l, This Menws Timels 
MEeASUTED IN TernS of DISTANCE LIKE A METEr OF TINE. This 15 sImPLP 
The Time iT TAKES LiGhT To Trfver A MeéeTer, he, 13 x10'% Sec. 
You cw YSE DimewsionfAl AWALYSIS When You Are Tnrovah To See 
if réSults check, Thos we have 


x'= x-vt l-y ee | at Fel i 
= Z'=2 — 


These EQuANOWS Permiy US TO mefSuUrE TMEe Add SPACE IN The SftME UNITS 


Since we Showed tAaST Time THAT ENETE?- Momentum Tris torm 
dust LIKE TIME-SPACE WE HAVE IN OCOUr NEw NOTANON 


Px! = Py - EV Py = Py p< P E'- E- VR 
[i-vt as fi-¥* 


We MIGhT YrecAte AN fiNfLoGoVS TELATION beTwEeEew Two SPSTEMS- 
THAT beinc, f& ToTAMNON Where The Prime fidd UN PrIMed coord INATES 


ATE YELATED by: X' = X cose +YSING 


Y'=-y ease + XsdNo 
z2' =z 
ir 1S # SinPie MATIEr To feLATE veLtociNEes oF A PArTnclLEe Under Such 
A TOTYTION. WE have JYST 
Dx' = Vy @s@ + Uy SINE 
Uy'=~Up tose t+ Ux SINO 
Us V4 Ue 
lo olher words WT 1S QUITE EASY TO represenpT MANY PhYSICAL QUANTITIES 
AS vectors Which We cho PROVET OF DifterenT AXES. 


Now When We fre DEALING IN Tour DIMENSIONS, 1.8. SPACE-TIME, The 
LorevT2 tyMWSTOrMATIONS fre wot EafCTLY The Sfme FY MATHEMATICAL 
TYAN SformATNONS AS A POTATION IN J BimEewSs0wWS. While The Geomegry 
iS ver? Similar, IT cerThy respects iT IS Pécuri fv. what we would 
Like To Find 1S A FopeBy fourth COMPONENT Which To Céther WITh The 
KNowN 3-VECTOY COMPONENTS, TOTRTG The SimMEWAY AS POSINON And 
TIME IW Tre SPACE-TIME TrANndSoormATIONS. If WE fwd A SseT oF 
Y such QuasnTIES Which BO WYAwstorm LIKE PosSINON Ad TIME, WE 
cALL IT A 4 VEcTOR 


vet Chaprer t7 yout 


WE hAve im Fact Found Four gufwnties fwd They Are E, Px, Py, P2. 
Thus EN€roy And Momentum form A Yvectr with The ENEereY baNG 
The DME PhyT frd Tre momeautum The PosiTlon PArT. 


BoT WHAT AbouT velocity’ We ALreRdy KNOW Ux, Uy, U3 beT WhAT 
About Ur? IS There Such Av ANIMAL which Gives us 4 Four velocity? 


we fre TemPTed To sty SR YES SINCE Ux > dk Vee HY , Ve ad? , Obuvrowsey 
U+ = dt 


at? 
gt ° GM BuT we remember 4x 15 DOSS METTICAL Hn Tan, 10 FACT, 


U,' = Ux -V which Is pot A aioe Te mus FormaATON. WE muUsT be careful 
| -UxVv 


Every vector POES NOT hftve Some UNIQUE THING Which IT cAW be 
JOINEd wim To form A 4-vecTRR, Evew Thovoh SX/de, dr, dt/dr, ade, 
DEE-VAN, DEE-BANH, HAS GOT GODDAMN YhYThen TO ir We MUST CONVETT. 
To Proper TIME ds= dt fi-y, 


Whar 


THEN 5 


€ OCT A NEW VELOCITY CALLIT The Proper vevociTY, The hoker- 
pokey VELOCITY, The Scvewed~uP vetociTY or ANY TNING You GdddAMN 
WANT Which TurmMS OvT To be 

ee EG 

[i= u% fi-oe fi-v* Pi-ut : 
iT mMIGhT be &00D TOD Show The i dI0T WrmvLa ix = = “1 


BoES 
}-UxV , 
in Fach, SANISTY These EQUATION. So 


| have TM DO Some MATH. 
TO check To SEE 1 dU IMPLICHMONS ATE TIGHT. Thus 


t's t- VX l 7 l 


ee 
fi-v 

Xs X-ve ee Oo Yok 

Ti-ve fee ae 


IF we Divibe The AwAtocve oF X' by t' ; 
ye eee 
(1 -uxv) 

wiTh Ux IN The X divecnon oNLtY ANA V Fhe VeroctTY of 


The OBJECT PASSweThe STATNOMATY OHSETVER, Also we Wit To 
Show t!'= I-uV From Uy = ux -Vv 


Ti-ur Vi-ve t=aw) 
ct 
\ Ur-tuvtve a gh Ne as. I-Vt-vigutvt 
OY ese uN 


}-2zuvtutv’ 


Tray = Grew diev® , } =  ~uUy ee 
(1-uv) fi-cuy® = (q-urfa-ve 


j 
MORE AROUT FOUR-VECTORS rok. Chapter (7 vor I 


With S-vécTors WE hftd AN INVATIANT QUANTTY Wrich wAS The LévoTh 
oF The VECTOR, This mews The LEWC DOES NOT Chfwoe under A rOTANON 
OWLY AE. There 1S NO TrMNSLATION Of The OT6IN. TWo WEEKS AGO WE 
Lefmed ThAT fA SimilAr QUAWNITY tS Preserved IN 4-VvecTor ALGEbrA, bg, 
Wwe Showed 

t'* - ¢xy- cv’) -cz)"= t*-x*- yt 2* 
AwoTher invA ANT WE have petermined ALFEHDY 15, 
Er- Pyt- py - Pe 


IN GeteRAL Then ANY Sow vector At, Ax, dy Ge HAS ASSOCLATED LoITh 
IT ty WvAIANT QofwNTyY aArt-axgt-aF -ag 


But whaT The hetl Does Et-Px*- Py -Pe EQuAL? 1 remind You LAST 
TIME We léArTNED 


Px = E Ux = moUx where E& =_Mo 
Likewise for Py = Pe. N= or i-0* 
We hfve Then, 
Me mot Ux mo Uy Mo Ue mot C1 - Ux -uy -Uz") = my” 
i= 0 1-y® V-ot 1-u* y= gy 
Thus , 


- % 
E*- Pe - Py -Pe = me 
THAT 19, The 4-vecTor inVATIANT of ENEroY -MomenTUM IS The MASS SQUARED, 


When The BODY Is AT VEST P=0 Then E=Mo or DIMEWSIONALLY 
correct E> MoC* 


The  invariAnT of The ProPeR VELOCITY 1S EASY » T's JUST ONE ? 


a ee OR 8 ag 
Fut t-y> j-ve I-U~ i-ut = 


WE NEED A NOTATION for A four vector And one Thar 1S most 
POPULAY 1S Semi-unforTUNATE because (TF 1S UNLIKE The 3-veCTor. 
Wewitt wriITE Gy where iT IS vwderstood A= 0, X,9,E IN Thar 
ogc ondeR, WE most form The EQuivALENT Ot The SCALAY Product 
for A 3-VEcTOR 1,2, The imufri ANT Which 1S vWwriired 


u 
An Qu = Ae - ax -ay -ay 
where WE most remember The NeGANVE SIGM ON The SPACE Components. 
There fire S€verAL rules AbouT 4-vecTor Which we NEEDLE 


(if Curis @ A-vecwr Then %& Cu is #4 vecrmr if KAS INVANANT LIKE 3,7 
on Sids, 


(ii j. 1F Cu and du fre 4 vectors , Then Cutdu Cu moter 4 vecron 
(iti) \F Qu Aud ba Are 4 VETURS Aubu> atrbt ~ Ax bx -Avby - As bs 
OMer vsetur 4-vector ProducTS ATE 


Pe Pas = Mo~ Pe- e 

ee dx 
e ai d Xu Where Uys> SSA 

Pu = Mo UA Mo qs yp d s 


(ds) = d Xu d Xu 


b? 


What AbovT Force% 18 There A 4-Forcet WE Kwow by detiwinon 


Tart , > dPx > aPy a ¢ Ps 
ree Se, Se Fz i: 


Bur AGAIN since S/dt 18 A Lorsided TErM WE MOT d tte renNNAaTE 
With vesPecr TO Proper nme ,dS. Furthermore, our 4% comPoneny # Force 
is The rATEe oF ChAroe ot The everor FE/dt = W or more Properly 
w=%&/ds. Thus we can dehne fA Proper FoRCE AS 


+, = d Py where t= Ww tx > ETE: 


ds -vU Ti-u~ 
SINCE Py = mo dX - d* Xu CsI 
Ss tu = Wg os 
ds* 
We SE€ THAT by chawoinG To Proper TIME IN NEWIONS EQUATION WE 
Estt#bush The CorrecT LorentTt InvAriAnwr FORCE. An INTErESTING INVAMIANT 


QuaANMNTY which | witt Lefve for yOu TO woRK OUT IS Fas Sha 3 # 
Producnon ot fli -PRUTONS vor. 2%s-4 


Am inTeresnnoe ItLustranon otf The four -vectoR dor Product 15 IN 
The CALCULANON of ENercY NECESSATY TO ProDUCce ANTI -ProTONS Srom 


PYoTONsS, 3 ProTons 
ProfoN : 
See i | fruri -Proron! 


\Fwecatl Tre weoidewT ProTON Pia md The TArceT Provon Puy 


lF Pig has JUST ErodueGh EWETOY TO MAKE The TEACTON GO Pa>@m,0,0,0) 
Since Pu Py 1S iNviitT 


CPi t Pra) CPrr TPea) = Par P = C4m) > 
or 
PiaPin T Pry Pen t @PuPenr = lemt 
2 Pie Pr = 14 Mme 
SINCE Pia Pua = Et-ptenr 


50 
Pim Pen = 7M 
Since Pets ATYTEST Cm,0) fd Pry = CEr, PL) 


6, m= 7n* 
ie E, => 7M * 138Mev 


STILL mMoRE ON Four- VEcTOR 


| GAVE You A Problem LAST TIME Which | would LIKE TO woRrK ovt. 


Sor Poy, | ASKEd WhAT The Product > The four -force rd four vecdure 
IS, 1 €., dx = 
f. ee =f 
This Bas MEAN § 
da - _ dX _ f, ay d2 
Yu e KdS d dS @ 45 


Where we recall The for force 1S 


4 3 f (The rare of work) de, Fy Fe 3 Whe d ku 
five fev Weve ds 


Ue 
$s fev fer" lieve {yay 
NOW IT 1S CAS? To Show ae ay? dy \% dz yt 
x Xr 
Lia dhe - Tita =a gel Uae) 
but dst= (ddt-@ x -Gr) -d2)° 
Aud the rate of chtwoeaf L 15 Oo 


And 
ate oh Ue NS 


— = 


(ate 
Pad 
rs 
CX... 
> 
PS 
i 
u 


SO 
2, day dka = 0 
d ds* 
oR 
Sf. Gk4 = 0 
ep we AS 
ymiwen’ Awo Ther w Ay, S 
fe dXu . rate ofwork = Ltx Vx +Fr vy + Fz Vz | 
elt { i-ve ] I-ye 


SINCE The ditterewce of The Teo Téerm$ ow The TioGhT MosT be zero, 
we CALL The Térm iN The BrfAcKers The rire of WoRK ALSO, 
This Y€SOLT IS mTErESNNE becAuSE The fourth camPowenT: of The 


Sour force is deTérmined bY The 3 SPACE COMPONENTS Ex) Fy Fe 


Thus & Proper four force MAKES ThiS ImvaArifmT €ErO ANd we ‘Kwow 
how To ANd The Time comPonenT, 


APPLICATIONS of Four vectors 


| Would LIKE To Commnvue A LITTLE further pd Give You A Couple 
of ExAmptes of wht YOO CAW Do with Four vecTORS. WE Know 


The four mMomenTm IS Giver AS Pus CE, Px,PY,P2) So ThaT The 
Product 


Where we YLecALl, v 


E= Mo P= sib 
ie fi=ve 


Suppae we consider pfrncles of tevo TEST MASS ).£., MozO. There 
fre ONLY TWo Such PArTCLES KNowN Pe ExPerimenTaily And ONE Theorited; 
They fire The PhoTon , NévIrino And Grau TON YVESPECNVELY, The SrAuiTon 
beine PosTULHTS 1% The QUANTUM Theory of GYAVITATION, Whew Mo =9 
IT 18 CLEAY Py Puzo which tmpLies 
ale E = p*cet 

vécociTY = £2 
aoe € 


This folLows Srom oR EQuATOWS for EP: 


Pz mvs 2 v ze 
a mo /fi-ve 
BuT We NOTE A MEANINGLESS YesucT of THIS CALCULATION. We hAve 
JvsT Show ThaT O Mies resT MASS PArNCLES ONLY TrAvel AT The 
Speed OF LIGhT. Since E = moc we see if Were deid Ved 
Py-vy%er 
The ENETGY? becomes INGE TECMINATE , hE ., Yo. 
For Aw €LECTYON The YEST Ewerey , Moc IS Abov! O.S MeV, 
The SYNchyoTYONS we eftu GET Their Ewerey oP TO The bILLIONS 


of elecTron VOLTS (BeV’s) where Te s peed of The ELecTYON 
Differs bY | PAYT IN 10'° trom @, 


IN 
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THE CHARACTER oFfWwAVeES 


| would LIKE To SA? SOMETHING AbouT WAVES. | feel Stupid TALKING 
Aboor This SUbYECT ' SureLY YOU KNOW SomeThiInG AbovT WAVES. 


The MOST haPPy wive | CAN THINK OF 15 A Cosine WAVE ProPAGATING 
or MoviInGe IN The PLUS @ DirecNon. It WE ATE WATChING FA Pressure VANATION, 
SAY, The character of The wive IS Described AS 


P= Po COS cwt-kt) 


If Z=0 find The Wve Is JUST OSCILLATING LP Awd DOWN jThe Period 
of OSCILLATION IS 


rT 2 
Ar & tixed Time we hAve Thar, 
Ra =2t0 
or R - 2 ushere A = Number ot WAVES PASSING A 
~»~ PoInT Im 1 SEC 


A = wAve LENO 


As The whveé mMovéS ON IN TIME And POSITION The shape of The Whve 
STAYS The SAME ; 
P = Po cos(wt, + wat ,- kt, -kAz) 


where = A 


AE = W . velociTY of # node or The PhASE YELocI TY 
At A AS IT 1s MORE commonLyY CALLEd 


The phase vewucity sAYS how FAST The NOdE IS MOVING DOWN The 
AXIS. IW The CASE of LIGhT 
We = w = é 
phitse Ae: 
oR. a 
W=RO = The AnoulAr Frequency 


More Property Rk The wive Number, IS The Number of CY¥cLEes Per CENNIMGER 
times 27. And ThaAT'S waves! 


Now ' CAw Ger more ditticulrT And Describe MOTION IN Some oTher 
DIVECTION. ConSidera® A Pressure WAVE Which IS WdePaudenT 
oF the xv? Coord wATES] Lg. WE hve A PLANE WAVE Where The Pressure 
IS CONSTAmMT Over A PLANE. if The wave IS MOVING IN SOME Odd 
bALL DITECTON The wivé MoTmow mMiehT be CharacTeTizen As 

P= Po Cos (wt - kx X - ey ¥ - Ry 2) 
OR more SIMPLY prs 
P= Po cos (wT - Kex ) 


$f we exAmine Tne Shttre of Me PLIWE WAVE AT A ®@ GiveW (STANT, 
The PhASE IS Eero ANd The Fronts SANS TY 


IK > x =0 


Al 


This EQUATION | Kx =O, SAYS ANF poimT Throveh The oriomm has Wx 2d 
And The Ser of PLnwes AT ten] Are normat to 


v€cTOr DeéScvibine The ProPAeANdIN oF The WAVES. 


A 


— — 
Ke... So: IE us A 
Where IK{ = GT. 


vik 
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Ir TONS our IN QUATUM Mec hAnics 
fin WTErESNNG YELATION ShIP. PAN CLES 
behfve in The Grand GUAWTVM Mech AWICAL why. Somenmes They behave 
Much LIKE wives . Other TmES More LIKE PATNCLES. SOHENMES They have 
To be ex pimNed QumWTUM MEChAWICRLLY The CONNECTWN beRvoEEen The wie - 
Panicle Dumtity 18 ofTEN LoViTrEn! IN Two E@UANONS 

E>hw P=hK 


1OSY x10" erg- sec 


MAT PANICLE Ad w Aves have 
‘Dw'T behitve norm Ally + They 


Where h- h = 
21 


This 1S CALLED The GrfAwd CONNECTNON bulb IT IS AOT Quire TTVE. IP would 
be beter TO write These EQUATIONS AS 


E<?>ty Pz?>tK 


Where We hive INTYOdUCced A MY STery S¥Mbol SINCE WE Don't reatcy 


UNdersTAMd The CONNECTION: | WANT To em Phasite Thap we Shooid 
retuee That we hve Tas Cack of understand ING Otherwise IT MiGhT 
CAUSE Some discomforT LATER. This MiohT Sound Silly but ITS MOT. The 
Tre § PICTUrE 15 QUITE COMPLICATED Fd | MUST POSTPONE The dis cussiow 
UNTIL POU AYE ReAdyY for iT. BY WoT cLA MIMS To 4Ndergrfind ever? Ths 

1 Twink You Are better off Than if You cL#im To KNow IT ALL. 


The POPAGATION vecror AS f four-veEtor 
IM recATIVITY We TALKEd About 4{-vecTors ANd WE MiGhT Tr? To INnvewr 
A Possibh€ 4-vector 
Jen = (w Ax Ry, hy) 


we musT And ovr how Tis vector Wvstorms So Maat Pressure Nodes, 


jE, Where Mere is wo PrESSUre ,TERMAMNS INVARIANT Under 4 Transfor MATION. 
We MosT INsure ThAT ONE MAN'S NOdé IS fmoMmer MAN'S MOdé 


AL 


RecALLING our Tens Sore anon EQVANONS WE cAN wWYriITE 


cos (wt- RY) = cos\ wi t'-vx') a's (x'-ut) J 
(y=vr pws 
> cos) (wrhkw)t" ~Ut 2Y) x! | 
Pi-ve fi-ve 
= cos J whet ~A' x'} 
Thus oor Ty pms form Ano VELATIONS Are 
ws WEY and R= dhe wv 
| i-ve fi-yr 
So indeed, Ry iS A Y-VECTOR, ToS WE cw wri Te 
P= Po cos (RurXa) 


The GrovP velocity 


w) 
We have discussed The PhASE VeLocITY AMA EMID 1S 1S Up= IKI, Now 


Wwe WinT TO Consider The VerociTY of & VATIANON IN The W five . ThA? IS, 
A SECNON of BuMPS crEATE 


D by The SuPerposinom of many waves of 
Suehny Different freg venc 


VES, The wive becomes modulATEd with bumes 
And WE WAT TO DeprermIne how tT These SIGNI TUres MOVE Down 
Tne Ph. 


ib Wwe hive Nwo WW frv &S ot Srequewc? wy fd Wr SuPer imMPOSEd, Then 


Prom > Po, cos(wit-Rkix) Po. cos CWrT- rx) 


While U; > Wh d Vo, > > wd Th FUR, 
Phase | hy An Phnse,z Be 4 RBoTh Edu 
Since Et-pt= mot we have, Rrwt-Fipt=mor Awd 
= ims 
So 
ES v 
Vo, 1 Rut 


fund Upe = (Fee Ke fod These fre woT equal. 


K, Kr 


IN A DISPEnsveE Medi A, hs. different W'S Whvel with atterent 


as Up's, We have * mech move EnTer THVING Problem. we h frve 
To Do # LITTLE MATHEMATICAL ANALYSIS TO SEE how Te bUMPS GO Alone. 
If we Ler 


Po = Por =! dor SimpuiciTy ANA ftdd The Two WAVES We GET 


De x acos| Witwr 4 = Kutks 7 cog ) Winwe t- aK x] 
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When W% Wr. = W WE CAN wriTEe 
Pr = tcos(wt-ke) cos [AWE - axe 


The lasT feeTor ow The viehT deTermines how The mddvulATIOM MOVES, 
Ry Add ING A CERTAIN ATOUNT AMOUNT At we cry offset The EttecT 
by AddING A cermm AXo ,I-¢, 


AWT = AK Xo 


OR, Xe » 4W : U Sroup — Vetlocil? ot the bumps or Cero? 
To AK Or StenmALs Or SOMETHING, 

IN The Limit . Ae 
T= 


The Grove vetociITY DOES NoT PEPewd OM The choce ot AK for A 
SuowlY VATY ING wive Where WX Wr = w holds, 


RecAlLlinG TaAT WW) = mek nwd Vanase ? 2S -& for A 
PArNcle of O MOMEwTUM we ctwk deTermine The @fouP vevociTY. 
UV > dW Sm 4 hk he ae. 

Eee wide 


fea % F 


WE CAN NOW ESTblLISh A TELATION beRoOEEN The Group Awd Phase VELOLI TIES, 
cae 


Uphase = = 
Verour 


The UNCEVTRINTY PRINCIPLE 


| ove DISCUSSION we “crearep" A PARNCLE AS The SUPErPUSITION OF A Lol 
of WAVES SLIGHTLY OUT of Phitse with ONE ANOTHER, WE would LIKE 


To KNOW ovty how wide f ANGE 1S This DISTOFKANCE , SAY, L IS 
The bifmerey of The DisturbAnec or The ParTicleé.” 


<< Vie > 


If L Them tS The LenoTh te of The wfve TYAIN, The EXACT wave 
Number K tS uncevTmn over ThaAT LewetTh Pid Given bY 
AK= ¢7@ 
G 


Since The Momentum ANd wAive WumMber K Are directuy vel Ared 
by h , SO will Their UncermmntTiés. 


AP= h4AK 
SUbSNTUTING IN fy AK, WE cm Find The ASSOCIATE MOMenwTUM UNCEYTRINTY, 
AP = Hun 
oR Moke otTen ruler, be 
ap ax2h Where l=ax 
This UNCEYTHINTY Principle IS A NEGANUE YULE since iT TELLS US JUST how 


Tar hemete—co NOT TO Go IN The PATTICLE VIEW, 
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rlore ON The GrouP VéELOCIT? 


1 wnt TO POIMT OUT SOMETHING INTETESTING TRAT SonTNULES trom 
Last TIME. ThaT \S, The GrovP vetociTY TWENS ovF TO bE The CLASSICAL 
PANICLE VELOCITY, WE recht dur defhwiNon WAS 


Vi. - AWek _ d Ec) 
Youp ah: ei P 
which Follows from our wive- PAMNcle EQuANOANS 
E=KW And P=FK 


14 The Guero 1S SOME FUNCTION of The MOmMéeni Tum ,WE WO0ld LIKE 
TO Show hOW This sTATEMEenT 1S TYVe. FivsT THKE The free PARTICLE 


were E> Ph . clearly Then d& = P sy and Me classical 
tm dP ™ 
vVerotiy IS he BGvroup VELOCITY ALSO. Conmsideriwe The reLANuIsTiIC 
ENErey EQUATION, E> {mr+ pr 
we hive dé a P = Ei = AK = Ure 
P fntge pe E: Rw 


More GewerAlry, 1f A Force F=dP 1S ACTING SA¥ Alone The 
Ling of Monon, Perhites The X Anis 2% for Simputciry, Then The 
YATE OF doINe WOrkKk IS) JUST 

Fu: cde 
dt 
if The Eneroy 1S Same comPucmred Suucnon OF Tre momewra Px, 


Py PE, WE wriTe Wis EQuANON AS 


ws dP = dé CPx, PY, Pz) 
dt dt 
OR oa 
gf = red? 


This difterewG@lL EQUATION cH be expiinded, 
QE d Py + SE dPy + 9E dPa = Ved +t Vyd Py +t Ved P2 
3 Py a Pz 


aPx 
EQUANN6 The respective coefticiEnrs we hrtve 
= ae V > Qt Vz = 3 


Whew The CLASSICAL VELOCITY 18 Defined IN ThiS MANNER WE SEE ThE TELANON 
does WoT defend ON ANY wAVE-PArTICLE DuALITY tor 17 To hold. So OE indeed 
have foond A vsetur formvlA cohich we shall USE LATTEr WE diISCUSSING 
sych Tinos AS Phonon behavior where iTS Wz wtih) And dDW/dk= 
CLASSICQE + VELOCITY, 
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COMPTON SCATTERING 


Now | wfwr te show You A few fPeuctMons of The marerint | have 
Pr€ESENTED The PAST jew weeK To see IF YOu Léarnedmy THING, SvuPPOSE we 
have A PhoTON hiiTING fw ELECTYON ANd bene ScaAmeréd AT SOME 
ANGLE. WE KNOW The OUTGOING LIGhT freqgoewcy is LESS THAW The INCOMIMV6 
becmse wf AN Ewerey Loss To The ELECTYON. ThiS 1S CALLEd The compton 


EffecT, WE ch deTerMINE The resuLTINe Trequency from A CondsiderAnon 
of The CONSEYVATION OF Ewnerey ANd MOMENTUM, 


LET W be The Photwn's frequency betore collision fd oo! Atrerw ard 
with @ The Photon ScCAITETING AnolE SUCh ThnT w= w'cO), LET 
P And W be The Momentum find Energy of The Scfttrered ec LECTTON 
Trvouch Aw Fvece ~ We Would LIKE TO de Termine Ww! SAY, 


IT 1S herpfol To MAKE UP A LITTLE THLE OF ALL The IMParTIWT 
QumnTieS before fd ftTer The cotlision, 


Shea Ex Px Py pe 
pt oTO Rw Aw (@) 
Berore { Pr a ne : 
AFTER, Pos Kw! fwese -hw'sme O 
ELecTion Ww Pecos Psing O 


And WIS veraTed To P by Wt-pt= m> orm Wwe YmwrrPt 
NOW bY COv~seruAMON of Eweroy 
hu tm = Rw! +w 
BY CONSETUATON OF LINGAT MOMENTUM: 
X COMPONGYT : Ruwro * hou'cose + Psd 
X k Oo + O = -hw'swwe tPSNO 


REWNTINGS TreSEe SEQULATONS AS 


hw tm- hw! =w 
Aw -huw'cose = Pcos 
+hw' Sino = Psind 
Wwe CAN SQUATE TheS¢ fd Add Te LAST Two To GET 
(Fiw)* - ~ktww! coso t Fray® = Pe 
Tre Hesr EQuANON SQUATED IS 
(Rudlt + Ht aot + me + emt w -zmhw! -2h wh w! 20)" 


SubTrACTING These ANd None Wit- Pt= Me we GET The FHHILIAT 


old Lh : fee =e HK (1-cose) 
m 


7] 
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OR REWNITING, : 
x'-} = wb (1-cose) 


mc 
fin d on > Xe The compTON WAvELEWGIh. For fw ELEecTYON This 1S 


AbouT 0.02 R Add tor A Proton Aeour 10'4cm. This compmn CHET 
OneinAlLy Served AS A ChecK ot The Theovenca@c hyPoTnesis ot whue 
PATTICLE DUALITY, Now iT IS JoST AM Exercise for sTudenTS. 


The ComP Ton Effect IW 4-VecToR NOTATION 


For The SAKE OF ND Good PEeASON | ShALL WHITE OUT These EQuATIONS 
IN ovr Newty dcguired 4-vecTOr NOTATION. To beoin We define The 
followino 4vecTor MOMENTA ANd Fregumcies * 

betore ASTER 


' ooT 
bes 
Px Pa 


BY CONSETVATION of MoMEenTUM a 

Ru tee = OL + yg 
If WE WANT TD observe The PhoTON LOE SOLVE The Problem by find The 
OUTGOING ELECTYON MOMENTVM find GEMNG Rid of IT. TO DO THis WEwrite 


ect pts 4 1N D al 
‘Aa = Va Ru ~ Aa 
CALCULATE The INVATIANT 


pa” pat a Cpu" thes toa VCO + Ane = ad 


SINCE The @roducTs Papa AVE INVA AWTS, 16&, The & Dp eri penT cfr be 
DONE with STANONATY OF MOVING ELECTYON ,WE hAVE Since Puga = mr 
y ae vt IN 1N o f = 
m= m + Re Au the he + tpe ke -2 pa nS hae ong, 
SUbTrACNV v L Ry 
NO SVT The mt And tememberiNG hi RIN mud Aug ee 
baTh Are EETO Since Tre PhoOTON HAS O TEesT MASS , WE have 


wn IN IN our ar 
(i a a ee Wr 
ITIS Now Cas? TO bEeTErMINE EACh Of TreSe FacTors , 
IN IN 
®u Be = mM a) 


in ov 1 
Pa . 3 Mud 


Aris A has 


a 


ww'—wlw'cos@) = Ww'(1- cose) 
ONCE AGAIN WE GET 


a eee eee K (1 -cose) 
a)! wW mC 


BeT Tht Procedure tS f LITLE More El€eAyT- And HUCK more 
usetul bechuse iT hel Ps vs SoLve-more difHeutT scATIENNG Problems. 
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Refs: VoLT chara 25 


Another Problem | ASSIGN TO You CONCerN The Threshold Level for 
CTEANNG ANTIPROATONS bY The reacnon 


P+P —> P+FPTPTtD 


If Pe awd BP cers enT The cotiiding momenth Aid Ca The pocorn 
ot The Aoorew ate Price AtTer Co LLISLON, fe PurC4m,0,0,0) , we have: 


bes 
Pa ‘ta. = Onn 
Then CALCULATING The INVATIMT 1N The center oF MASS SYSTEM, 


Qu > IoMt = (Pate) = mtemt=zpe?P,> 


so a a 

IN ThE LA&b SISTEM Pas Pe = 7M 
FM. =7A* 

OR 


E= 4M 2 TRBeV 
SINCE The rest FE MASS O2+ The ProTON Moc? ~ IBev (938 Mev), Thus 
IT HRKES ftnd EXTYA © Rev TO GeT The réAtNon cows. 


SupPese we Would LIKE TO Pretorm A VEAL IHoeh Enero’ ExPerimenT 
Where we SLAM A SOO BeV ProfON INTD ANOTher PLOTON : hdw would 
IT Look from The CewTer Of MASS SYSTtM, TWAT IS, What este fee 


COLLISION be Like (fF TWD bems of These Wie ENEGToY ProTONS collided 
heAd-ot. IN Tas reference eee The Prod ucT 


Pa Ps ME s WttP 
where WIS Their Enerores find Trerr MOMEenTR Are opposite. Thus 
Pes Paw 2 2wt-m 

If we TAKE A LITLE More CONSErUATIUE ENETOY SAY W =100ReV, ITS 

clear Tne APP ATANT COLLISION ENEroY 1S 20, 000 Bev. So Tes hmca uty 
WE cin Go TOMUCh high emercies USING TheSE CDLLIdING benm EX PErimeyTS 
This nefrws )QUITE SIMPLY | IT SS NEEESSATY TO JAK A berm up To Zu, ov Rev 
fud stim IT INTO A STYMONAYY ProTON TO Creare This SAME VERCTION, 


FoR ELECTTONS This PhenomenA IS Much MOre INTErESTMG bechUS & The 
ATSS 1S 830 Much LIOGhTET, TWO 100 Mev Etectron beans COLLIGING 
SIMULATE A FWovO Mev COLLISION. SINCE A bem of ELECTTONS 15 VETY 
TEMOUS ANd The~ PATTICLES Per cubic Cewmmerers 18 SO Lows, The omer 


bem Never finds 4 PATNCLE TO colLId€e wih. Thus Ths 1 deg has 
ITS LIMITATIONS, 
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RET? ChAPTER 2 Vol T 
“ CLEMENTATY Parncces " 


AN OUTLINE ot The WorRid AS WE KNow IT BU SELMAN EROSEN BAUM 


JoLy 959 AMETI CAN 


| wawr TO briefly descyy be whaAT WE KNow of The world bY TELLING 
You whaT iT 18 MAde of TO DO This ( WAnT To discuss The MAK €-YP 
vot The wucl€vs ANd The parnces ExTErNAL To The NocLEVS. WE CAN 
Gener ATe A SMALL TABLE oF # few of These PATTICLES 


in Mev (4 NY: 


ELEcTroN € SII 
LEPTONS Niu Méson 108.6 
NE€oTr INO 


ELectton, Ve 
MUON : Va 


STAbLE 
csS™Mble) NOT +tound 


STABLE 
STALLE 
2.7% 107° 


PROTON oie 
NEUTRON, N 
Lambda A 
StemA. 


BARYONS 


-10 


at 10 
iS x 107!° 
NOT MEHSOtéd 


>- 


10° m 109 


1% Kr0°8 
@x10978 


Lx 107? 
3.x108 To 30° 


MESONS 


2.62109 
2.6x10°8 
107"! ro 10° 


1S 


ELEMENTARY PARTICLES 


IN ALL There fre over 300 Such Parmclées which have been 
FX PeriM eEwTALL Y verited. BuT fortvNATELY T WCNS OuT THAT They 
fre ES To CATEGOrIZE, Even More tMPorTAWT 15 The SKILL of 
GELL-MANN Tyho Cf HNd A PLACE for Eftth NA DISCOVERY. 
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THE STANDARD MODEL . 


The Particle Landscape 


All of particle physics rests on a theory known as the Standard 
Model, which lays out the fundamental particles that exist in 
nature, as well as the forces that govern them. The Standard 
Model includes two main families of particles: fermions, which 
include all the constituents of matter, and bosons, which include 
all the known force-carrying particles. Fermions come in three 
generations of progressively greater mass. 


Generation | Genceiion Il Generation III 


(electromag- 
netism) 


Gluon 
(strong 
force) 


Electron Muon 
neutrino neutrino 


Ww 
(weak 
force) 


~ 80,385 


Ob (4: Wor ies 


Higgs 


Increasing fermion mass ———————_» 


2013 _ ee 


Ths Lfrce Number of PArTlcleéS , AS A wholé, SEemS mm be 
CONSTITUENTS oF MATTER. tr Terns oT ThAT The Number of INTErFACTIONS 
bETWEEN ALL These PATTICLEeS IS QUITE SMALL - four, IN tAcT. They Are, 


IN onder of decre frs ine STTENGTH : STTONG INTETACTION | WERK INT EFACTIONS, 
ELECTYOMAENENC Amd GrfviTATNIONAL, If WE RSSION 


The fyowdtmenTAL 


A YWIT STYe~eThH TO 
The ST¥ONG {NTErACTIONS , he, A MESON TO f& bATYoOw SAY, Then The relANvE 
STVEN oThy AYE: 


INTEr ACTION STYEN GTh EX AMPLE 

Gravity ~ 10744 CouPLED TO ALL EWEroy 

ELECT MAowenc ~ lo > PhoTON TO Charoed PATNICLES 
WERK INTETACTIONS ~1o79 Bem Dechy 

STYONG INTEerAcnON 5 1 


NUCLGAY forces 


Since he orfviNntowAl «NTETACTION (5S SO SMALL We CAN DiSrecArd 
IT AS WSloniiciwT for The momenT. 


AS sTATed frbove AN EXAMPLE of A WEAK INTEVACTON 1S tetR- decry 
fd Some Exfmpces fre ay. 


oN yp NT ee + ¥ 
+ 
A — ptr 


ALL These YemCNowS ATE SLDW,%£, They hive A MATYIX ELemewT ON The 
order of 1079 which defiwes The Probability of decry. 


Our currewT KNOWLEd GE cCONCErNING Tne LAWS of INTEYACTION berocent 
Photons ANd charoe 'S described QuawTum ELECTIOGYNAMICALLY. The 


EXACT STrEN OTH of CouPLING BEeqweew A Photon ANE A Charoed PArNcLe 
4S '/137. There fre SECONAAYY INTEr ACTIONS Which occur sty when A 
Photon INTEYACTS With The Electric fletd from AN ELECTYON OF PrOTON, 
ft Phoron cAN Néver INTeracT with ITSELF, 


The Litws ef ElectrodynfAmics have becw ChecKed dowN To 10%cm 
ftid There fre NO Errors YET, This memws TAT We Cfw'T check The 
Technictt Problems AT TWAT dé meawsion. WEAK INTGrACTIONS ALSO have 
been checked down 79 107 cm. For STYONG INTE ACTIONS WE Are NOT 
Quite SO Sure what Wippens Ar 1ov4 CM becmuSe The PATNCLE SIFE 
IMPLIES fF COMPTION WAVElGueTH OW ThIS order, So 


I'm Sf¥ine we don'T 
KNOw The Lfw AT ALL - Ad IT STAWSS 


INCOMPLETE NOW, 
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Four CurréenT 


| STL have ONE MORE EXftMPLE of A A-VECTOR which | have filed 
T Give YOu DuUrwe The PAST Two LecTUréS. The compowewrs ot The 
four vecror mw fite The densi? of chaAroe fd The 3 SPACE COMPONENTS 
OF The currewT 4x. 4y. de: 


We renee frst chitree ts AW invATiANT QUANTITY. That is, The TOTAL 
charce of A Glob of MATEIAL IN A box IS The SAme wWheTher Viewed 
from fA STANONATY OF MOVING frame, RuoT Me TIM ChAroe 15 SIMP LY 
The Chitrec densiT? TIMEs The VOLUME Ewcloséd bY The box, WE ASSUME 
THAT Po = sTANOW Ary chavoe density, | pow) ovr Po CAnoT CEPresewT A 
MASS dewsitY 4 becmuse MASS IS MOT A LorenTe INVATIANT, More Accuratecy 
Po iS vosT fF Number dewsiTY like 14 &ALLS. SoOppoe vow The CONTIHNER 
IS MOVING with SOME weélociTY U Alone Me xX-AKIS,SAY. 1 The STANOWATY 
LeweTh of The box tS leo, The MovinG Lew6Th 1S Contr ACTéd by 


L= lo ! I~ V¥cr 


Swce Tre TOMe charoe Q= Pe LoAo IW The yest frame WE most Wave 
TS €QuALING Me chatce tm The Moving Ffrane 50, 


Po Lo Ao = pl Ao 


Where e And L Ate The Moving densi? ANd LenotTh - ALSO WE woTte 
There tS MOE CONTYACTON IN The Y# direcnon. Our reso_T 1S SIMPLY 


? = Ret ee 
¥1-VYe2 
We See Men The chArce dewsity oF & MOVING disTrilbyNon oF chavoes vitties 
In The SAme way AS The recATWISTIC MASS ot f& PATTICLE, 


WE Alverdy SAW The Pee FOvr verocity httd The comPonentTs 
pam es MEE Uy Ve 
fi-ve : I-ve ; li-ve \-ve 
ForMmer The correwT tow ING tS JUST The Number er chatce crosSine 
Rh SQuATE CENTIMGRER GA#ch Sec so iF 1S JUST 


jar 
Thus we h#ve The 4 comPonenTS of The 4 eh curren! beime 
N = Po ae Po wx , z o Up \ = (Po Ve 
r= —— x 
d fi-ve ( fi-ve ir Ti-ve jt Teve 


If} The TorfL volume conTARINS A mixture oF Uffrious dewsITIES 
fwd correnTS | SHY CLleciTONS fd IONS, The The résuiT 4 CurrenT 
bie 1S The YesuiTHAT SYM of The vAriovs CONSNTVENTS. Ay interes nc 
ExfMPle 1S fA NévIVYAL wire cATYYING A cCorreyr ot ELEcTVONS Chw 
have # TIME VATYING COMPONENT IN ANOTher dramé., WE'LL cOmME dbACIK 
T Mis Problém LATE, For The MefmmTime | ThinkS That's Ait \ 
voftwT TO SY on A-veEcTORS. BuT NOT QuiTE! A QuEsSTION Arose 
AS To he Avector ANMLog of: AeULAT MOMENTUM. 
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Ref ChapPTER 20 vor 


As you MOST RECALL The ANGULAR MOMENTUM IS A vecTeR Quantity 
Sorned trem Two Other VECTOrS The PoSiINON Aid MOMEWTUM VECTORS, 


— — — 

M= FAR 
Tis CrosS ProducT Gives US TECMS LIKE Ma>PreY-XPy ETc, 
Thus for monom IN Three diMENSIOMS , QUANNTIES LIKE CUxY-XVy) 
become IMPORTANT, ALL TooeTher There Are Three Soch imPorr fT Qu&wemnes 
FOr MOTION IN ThYEE DIMEWSION. They Are The 3comPomentS oF The foul AY 
Mom EWTVM, IM order TR Idewrt¥Y These 3 QuANNEIES with A VECTOR we 
have To MAKE AN AMACIAL RIGhKT hfted YULE, our success IN formine 
This vector fesotted iN The very YUMUsSvAL ProPerLy sf ue (where ¢é 
{ EQuAL X, 7, or 4) Which 15 


Le ei gy is 
Me, F Mec O 


This fmimAL IS what we cALL AN AwTisymméTric TENSOR of The 
SECONd TANK. [IN THbulAy FORM We have 


> Se ae 
Xx | O Me =My 
Y rie ‘O My 
=i My -ty O 


Ir TuUrNS OUT OF The NINE PosstIbL€é QUANTITIES ONLY % Are mde Penden T. 
And Wi; chy Then be ASSOCIATEd WATh A VEcTOr Since ITS COMPONENTS 
Trims Form LIKE A VECTOR, TWAT 1S, comsid ey fe roTATON, 


t 


Py = Py cose + Py SINO X'=Xcse@ TYSING 
FR = Pycos® - Px Sino Y'= Yose - ¥SINO 
Pz = Pe a 


fd COMPUTE ——~Px ¥ =x Py. We have 
My> (Tk cose +Pysive)( ¥ease- xsiN@) — (Kese +¥ sine) ( Pycose ~Fxsin) 


SIMPLIFYING WE GET My = M3. 


Now iw 4 dimewsions we fren'T So LucKY, Where In 3-dimeusions 
we coutd uniguery define A Surface by A VvecTor MoMA NormAL TD 
IT, MO Such QUuanTITY EXIST IN 4 dimewsSiONS. The vATIOVS CombiINATONS 
oF Hej Cushere é,4,R EQUAL %, 4.5, Mwdt) Yretd G&G INdePEendenT 
Quawnnes find You chw'T represent Six TWinos bY 4 Things. Thus IN 


CArcuLANNG The 4Vector 6IvEN by Purxy- Py Xu we have A 
€ 


TAbLE GIVEN bY x yi = 
X oO Me ry Ne where Nx Pyt- Kk Pe 
Y on. © H N Ny= Pyt -YR 
. ‘ i Nze= Pat -ZP 
é My -"x © N¢ 
5 


| TrusT some ot you have hertrd AbouT such Thimos AS The Electric 
ANd MAGNETIC Hetds, IT wit porns ovT The Tyree components of 
The maAGMeETIC HELA (Ry, By # Re) PLOS The Three eEvectric Heid components ( 
Ex,Ey,Et) trfnsform LiKE The Six COMPONENTS My,My, Ma, Nx,My, Wz, 
So ters first vd he GewerAL TrhwSdormANON Liws Berween M find 
M!' fd N aud N's Then See WhAT The M ANd N'S mean PhYSICALLY IM 
Terms oF The ELecmic And Mhowenc Fierds, 


WhaT we Aare AiTer 1S Tre LorenT2 TrANStormanion of AN Awn~ 


Simmeqic Tewsor oF The Second Order or more cONCISELY A 6VECTUR, 
The Trt SéornAtnon tAws 


AVE STY@iohT forward but involve A LITLE AGbrA. 
For Simplicity’ Le ¥, 


» t 

Ve Tew 

Then The momentum fd PosINoN 4 vecmrs TrfwSdorm AS, 
Pe = ¥CPe-~VPx) = Pe = VC Pe-vPe) Pxi=Px Py = Py 


Pe leovey +t 2 yta-ve xe 6 SY 
For MOTNON ALONG The & AKIS, FicST LET'S CALCULATE nz 
Me = Ry -PrX = PAY-PYX = Ma 
Thus The MouLAr MOMEenTUM OF H Photon SA¥, AS You Tun terwitrd. This 


Also MEAS Bes Be which Temshoems differently from 2'= y(E-vt) 
IN The direcTionw oF MONON, Mow LeT's find Me, 


Mx = Pt -Pey' = Py yce-vt) - ¥CPe-VPe)Y 
= ¥(PYE-PeY) -yVv(Pyt- RY) = yLnx- VN] 


IN B And E We G€T The Lorentt TY fos for m ATION 
By = Be- VE 


{i- vt 
SimitarlyY we And, 


My = ¥LMy +VNxJ 


By = By +v&x 
Y y-ve 
Now we want To Find Nx, 
Nx ? Pet = Pee 
= &Y¥(t-ve)— OC Pe> VPe) X 
= VC Pxt-PX)- ¥V OPK E-PeA) = YNxtVVMy 


SUBSTTVTING 


so ThaT 


Nx = w OL Nx + Vay] 
Simi LARLY Ny = TLNY-vny] 
And Nz= Nz 
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WE CAN Now TAbULATE our VTESULTS ANd Wave The LorenT? 
Tran Storm ATION Sor The Etectric And MAGNETC fields 


Ez> Ez Bz = Bz 
Ey = Ey-v Gx By = By t+ VE Be pe 
oTé ! = 
{i=ve Yy-yt 

Ex = Ey +V By rat _ Bx ~vey 

{j-ve ¥ j=ye 
As f& mové General TrfwstormANon URW 

ke Be = 32 Soe 

Ey = (E+uUxB)y By: (B ~ Exe )y 

Ge > Le as By = (BR -Bxe)3 
live 


viev* 
| winT TO PoINT OUT THAT IT Js NOT Obvious ThaAT & Aid & form 
The COMPONENTS o+ A G VEectOR from AWwt STATEMENT | have made. 
V witt discuSS LATER Why we A VUSNHEed To make The CLAIM. 


The PhyYSICAL SION Hi chNuce ot The N'S cAN be INTErPesTed from ONE 
P, 
oF The comPonenrs SAY 4) . pte ex = a ( Zt -x) 
OR \ Prefer TO write 
Nx = -E(x- Vx t) 


Nx a -EXo 
IS SOME GIVEN ININAL POSINON. BuT AS T Procresses The 
differewce X-Uxt remfiws cONSTINT ANd EQUAL TO Xo. Nx becomes 
A CONSTMuT oF The MOTION. Quire Literflly one MAN'S N 1s fWOdver 
MAN'S MM. Or More Frilirly oné maAN'S Electric fietd 183 AwOTher 
nas Mionenc Ferd, SINCE ENEroyY IS MASS The Term EYd 


cfm be inTerPerTed AS The moment of MASS OF The TeTAL MOvING 
SYSTEM. 


Now When t=o 
Where Xo 


if You recAll our Wheel ANALOGY TWAT We 9)SCUSSEd SATLIEF You Witt 
temember That The mass oF The PArncles IN The UPPEr PAT ok Tre wheel 
Ave more mftSsive bechuse They Go faster Thr The bottom owes. Where 
The STANONAYY center of MASS WAS CoIncidenT vwoiTh The GéomerTic 
CeNTEr, IN The MOviING WheCL The cewrer of MASS Is Shifted verncmey 
UPWhyd A diSPMNCE Xo. Thus The vector N IS The MASS MOMEWT 
CreAred by The MOVEMENT. 


IN General Then The 6 comPowenTS OF The ELecmric ANd MAowenc Field 


combinéd fre The ElemenTs OF AN MNTSYMMETIC Tensor ot The SEtowd 
order Fuy where, 


Fyy =- Be Fee=-GBx Faye -By Fat Ex Freer ty Fete &e 
We See A GveEcTer is Then COMpRISEd of Aw AXIAL And POLAT VECTOR, 


Jf 


CONSERVANVE FORCES ANd REF: chapter 19 vor. I 
THE PRinciPLE of LEAST AcTION 


Now | wANT To START TALKING AbouT The Laws of MechfwicS. BuT in order 
7o T&Ch You SOMETHING You ALYEtdy KNOW) | SHALL TEACH The MAT&@IAL IN # 
different WAY, | wat To dSCUSS The chirAcTeR of The Lfas of force 
IN A WAY differtte trom NewToON. Also, | wiht TO DiScuvSS The wéture 


of The Kinds of the forms of ferces Like Etecmicity, MAGNITISM, Md 
Grfv ily, 


The idefh | wWhwT TO disuss 1S CONSEruANVE forces, Now +torecT, or 
Cathey Put Aside ALL The revAanuiTy | have TadvehT POU ANd Go directly 
To Good old NewTo NAN Mech ANICS - 


F= mx 
Tis Time - No TrICKS, The force «(S The Second MME derwANuvE of The 
PoSITION. Kemember Newton ALSO INCLUded FricTiONAL Forces which 
depend ow A PATICLES VEtociTY, To Newt Fricnon WAS APPAeNTLY AN 
CkimPie oF fr NON ConSeruaTVE force. But FrichON (8 CEALLY A cowSEervANVE 
Force whew Exfmined on The fAromic Lever tor Eweroy Is conserved by 
heATING UP The PATICLES ANd maAKine Them Go FASTEr. Thus The TOTAL 
ENGGY, PoTEwWNAL PLYS KINETIC, in The UNIVErSe chw'’SAid TO be cONSTANT, 


There fAPPeMS Then eLfssificAnon oF forces which we S hall CHL 
SundamenTAL OF PFIMAyY Which Are conservaNve, Ths STATEMEWT 1S NOT 
obvious rom NewTen's LAWS, WE mosr SecK AN EXPLANATION As To The 
VaidiWe of The CLAim:ALl Primary forces Are comServanve, 


WhAT do we mefm by A ConServanve force? Such A Force is derivtble 
From A POTENTIAL or ScHLArSeNCTION, This foWCTON Vy cA iT, CAN 
Also be A tuwcnon of Time, V= Vix,9,2,t) 


Assuming V#tVi€) for The 7ME beIne we ch write vor torte AS 


Fa ey 
The KcomPonenT heine, ne 

maz = av. 

ax 


Thus Primfry forces have A SPECIAL # MAThe mANCAL FORM. This imPilEs 
The Number ot Such forces 1S GOING To be SMALLEr Thf Newton ALLows. 
In The Above term The force 1S independewT oF VELOCITY. If The 
torce varves AS The hrst Powsr of the velocity Then we can deduce 
The LoS OF Electrodynamics. [+ The force vities As The SQvare of 
The VELocIN we cf dedvce The GraviTMMONAL LAWS of EINSTEIN, 


More Ree See | ShALL CALL conservative forces , ROSE Forces 
which chm be deduced from Qufwim Mechfnics IN te CLASSICAL Linh 
AS You Know QM. tS The Under Pinnine of QF NATUFE rgd Git tS 
rather Peculifr, When we ExAMING A PRYNICLE IM Devtil Ir DOES 
UNUSORL Thanos. BUT IW biG GLobs These PATTIcLeS behave AS STATE 
by CLASSicAL Mech fics, There IS A SYbbranch of Forces, fhe PrimAry 
force, which Lie beTwEEne Qim, Arid CLASGICAL mechmuics, 


m2) 


HISTORICALLY, we can Compare MANS ATTEMPT To IVY +o Undersmwd NATur ee 
IN The FoLLOWING WAY. 


“: Primary forces, < Newton's , 
¢ Pcl am forces 1 num ber ‘ato cual a h Bi 
ACTION- reacnow WP ( STANSTICAL MeCh AwicS) 
PLUS fyicTON ) 


1 S#id These mP2imary for ces have SPECIAL MATHEMATICAL torms 
fd Thus SALLEd The LiwS of NATUFAL MEChAWICS ViTher Than) NewToNniAN 
EMechAnKS. This SPEciAL Why of wriNNG& The tfws IS CALLE The 
princiPLe of LEAST ACTON. From THis PrinciPle 1T 1S EASY To GET 
T QuvANTVM Mechynics. | &yOW WhnT TO Show The form of The 
LEAST AcCNON Ad Then IML €x PLAIN The idea NEXT TO Show IT tJ riohT. 
LeT'S 


consider hyst MONON IN A Gr AuvITADONAL FIELd. Simce The 
PoTenniAl Enerey OF A PArNCLE MOVING Onder 


ITS OWN WEIGHT 1S 
olvgy by Va ma x , Chen The 


EQUANON of MOTION 15S 
oe Cm 
me ie ta 
OR X + | =©o 
This MOTION IS deScribed by 


A PAradolA, Suppose A PAarNcLE STANTS 
AT The oOrliGin’ And AT Some lATer TIME T Comes bACK “DowN 


OSES: 
/ 
PoSINON AS AH fowcTNON of Time Then Looks LIKE! 
x 
xde) 
Xi 
> T t 


The FEAL MOTION OF PATH IS Thus Kit). Now IMAGINE SOME OTher PATH 
Xet) ALSO reEPreseWTS The PATILLES MOTON from © to 'T AS Show 


fthove. There 1S A QufAwTity CALLEd The ACTION whichis Least 
when The ACTUAL PATH X(t) U followed. The ACTON 15 Givéw by 


Aeron = |" [ £m (4%) s-Wre)] de = S 


Thos when The Kwenc Eneroy minys The PeRems POTENTIAL Het oY 
1S ISTE GCATEQ with YESPECT To TME trom the inact to FNAL nme, 
This Quéwmiy is A Minimum for The ACTUAL dymAMcCAL PATH. We 


MwsT reguire, however The eud PoinTS To bE Tked hE, XO) =0 HTIeO. 
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How DOES This reLATE TO QUANTUM Mechftwics £ WELL, On. has TO do 
wih MaATTer ~whkves ANd The MONON IS LIKE A SPFeAdING WAVES 
ArriviING AT A C&rTYMN PoinT IN difteremT Phases. im order for A 
PANCLE TO be deTecTed There MOST be AN wierference of WAVES 
which Add IN PhASE TO GIVE A MesSUrAbLE “AMP LIMdEe” What IS 
The AmMPLITUde tor F4ch PATH fillowAbLE TO The PArTNcLe @ ir WrnS 9VT 
Tne AMPLinde 1S PPOPIFIONAL TO exp (%9/H) Where S 1S The RCNON 
for TnwAT “PATH. Thus The PhAse ANGLE 1S S/H where * (Sob course, 
PLANKS CONSTANT, Siwce S js Expressed IN umlS oF ENerey-Sec AS isk, 

Silk IS A CONSTANT | Pd This comsTwST SCTerMINes When QML IMPOYTANT 


IN General S is much GreaTer Than Fe THIS meas Nefrby PAHS hAVE 
very difterent Phases And Thos cAocen EAchoThers Effecr witen TAKING 
Their SUM@ BuT for SMEIMALL YeeIoN HbooT ONE SPECIAL PATh, Tre PATH 
whech makes The ACTON FA MINIMUM, WILL The NElGhboriwe PhASES 
Add be The Sfme. This mems fll These wenrby PATS hAve The Sfme AcnON 
with A, This Ten 1S The connecTion beTween Quimtum Méthfwics And 
The Princi PLE of LEAST ACTON Cor more Properly LEST Phase). 
Furthermore The principle ot LérsT ACTON IS AW INVANANT QUANTITY, 


Sf 


MIORE ON ThE PRINCIPLE of LEAST ACTION 


LAST TME we were discuSSING The PtinciPle oF LEAST ACNON fd we 
Expressed The ACTION AS, 


se {"[ E(B) vowel] ae 


WhAT 1} Would LIKE To Do 1S TR deduce The LAWS ot Mech Anics 
Which MAKES This NUMber A MINIMUM. Now The ACTION depewds on The 


Choice oF The curve we Choose And The idea of CALCULAMNG AW 
Extyemum by differewTNATING & NOT The Thino To DO, The APPROACH IS A 
LITTLE More WiGh CLASS. | MIGHT PowWT OuT ThAT When we have 4 


QuANTTY LIKE S which 1s A FVNCTON ot The cbvue we SAY S'S 
A SvvcnonAl OF Xet), 


Our PLAN 1S To vart The fctuAL PATH Xct) by A SLIGhT fmMouNT 
Ht) SO THAT OOF NEw Curve 1S 


KEt) = Aut + nk) 


WE witT TO CALCULATE The ACTON ALONG This New PATh ANd Then 
compuTe The difterence benosen S (xaitqit)) ted S cK) , 
When This difference Yields first order variATIONS qit) of tero, 
We Are AT Aw EXTYEMUM. TWAT 15 ithe chfwee iW SLOPE Around The ExTremun 
IS INFINITESIMAL And ONLY Second order find hicher Terms TEMAIN, 
Dee, S Exe) +n] = S Lkw] 4 O-N(t) + order 1° + hioher 
Since The coefhiciewr ot the first order Term IN Wt) 1S O we eae 
The Slope oF The fuwcnowAl 1S fy extremum, And we'cd worry About iT 
bEING A MAX OF NIN 


LATER, One torTher IMPorTiwT COMM eyT 
fwd THAT IS The Least ACTON PrincIPL€ holds For ALL Chorces oF 


W(t) Provided They Are SoufficiewTt¥Y Sm Aer ANd Yt) =nlh)=0 


x nit) 


= Yt) 1S ExAeSErATEd here 
Atl 


Act) 


x 


To Ger A Lime BEMEer Feel for TiS ideA vecALL LAST Time we were 
ConSiderin®e A PArnclEe MOVIN GIN A PoTenTiAL V= max And we had Tre 


ACNON Expressed AS Ss be mide - J mqx dt 


If we divide The ACTON by The Period of Flienr T we have the 


AverRee KINETIC ENEVOY -mmuS The Averteoe PoTeNTNAL. The LAST Term 15 
reAily JvsT The &VETAGCE helGhT. Twos 


if WE IMACENEd A MOTION Where 
The PANcl€e Never GoT of The erouNd The we fAren'T THKING 


fwiy from the fivsT INTEerAL fd The RETION becomes A MAKIMUM, 
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lt npPcArs obvious Then WE WANT fA bieGer Avernoe heyohT sv ThqT 
we fvé SubwACTNG AL very Livce Number mid MAKING The ACTION 
Vert SMALL. SO WE CAN IMAGINE A PATH Where The PArNCLE ZOoMS 
wiry UP, coMSTS ALONG, ANd comes HACK DowN SO The HverAGe hewhT 
IS vere hich. Me Drmsine cOmMPATES The AcTUmL PATA LWITh This hypoThencAL 
ONE. IN THiS MOTION The ACTON IS MAME Smait RoT x 
The Time OF Ate TRAVEL IS Loner THAN The wACTUAL 
PAT. 

LETS APPROXIMATE This PATH WITh The poiwed PATh 
Where The VELOCITY of The PATNcLE X= AH, 
The AcCNON cAN be writen AS 

s+ [2(8) = 2 qh ]r = emt e 

SINCE S= SCH) difterewnaTine with resPect To H 
And findine The ‘Leasr H, 


¢ tetera PATH for 
si uM ACTION 
\ 


+ 


= 2 
W259 > Aint - maT OR He af 
OH als = =a 
Fhis 1S how high Y0o CAN Climb IN Time T. This ctves Aw ACTON of 
S3 = 4g? 
316 


In Essence, The Pmrriclée Tees To GET The POTENTIAL Ewerey AS bie AS 
POSSIBLE IN The Minimum TIME. 


LeT’S T€TrN To Our Ori@InAL Problem And comPLTE ovr pew ACNON 
ALONG The PATH. Xlt)= Xlit) + Rit). we have vPON SvbsntwNoNn 


oe dx rL = 
Soa VE a + ey — VC Xe +m, t) } dt 
tc 


° & 
We require TraT WCC) IS Very SmALL SO Teyms LIKE qt) ~ nit) , ANd hioher 
Oovder Terms fre NEGLECTed, Then The SQuavE d term ts 


dx \* adxd 
=< + Gsh oh 
(23 | dt dt 
Also We ExPid The PoTeynAL IW f THYLOFS Series 
VC Xtop ney, t) = VCXte,t) + Neer V'C Reed, €) + i V"CX thesee 
z 
COomMbimtinG These Two resuTS 
Sut) = \\s (AterzH ) - Vixy,t) - nV "CX, t) + Chreher order Teres | dt 
TCAT ING IN & = * = ry ik . 
° - s- Rm - 
ee \|* Ce vere) | de 4 { [eas nti - VCR t) | dt 
= S Xue) + 1ST order chance 


We whnT ThiS LAST INTECOrtL TO be EEro tor Arstorder chAwoes 
To be Gero, T CONTINUE ON WE NEEM A LemmA: 


39 


When we have AN INTEGrAlL LIKE 
Te 
\ fit) H(t) dt =o 
t 


4 it) is) AN funcnon , Then Flt) 1S NEcesSATY O AT ALL POINT ExcePT AT 
The Ends Where ,Perhtps, iris NOT O SINCE NLT) = H(t) 20. AS A SIMPLE 
Pete Proof LET Alt) be The SIMPLE CUrVE AS shovwN here me) 

Since Yt) #0 ac t't € say, Them Tot) mosr equal O 

Where Peg This PIP IS. RUT SINCE The Pip cAN be Mwywhere 

fit) muosT be %tero Ever? Where, 


Now we make use ot The fact ThAT The SLope of A 
curve 18 NOT INdePendenTt ot THAT curve 50 we CAHN YELATE nL To Nit). 
In facT, We can inTeer Ate, | mMxndt by PARTS, Remember The rulé 


(chen or= ty40 or uid te au | alae 


° dt dt 
ler uz m% dv=a du 50 we have 
Ge 28 a dt s os (8 t dx 1 
mkY dt = MX Nee) a (ty) 2 | mek | dt 
: " be be " mal | 


TecAll OMR LINAS ON Hit) pe, Nltiy=U(%)22 So The Hest Term on The 
YiohT tS EEO. How clever! MAYbe Thar wAS To TricKY for You, Suppose 
lL have QTimes Bb ANd QO IS idenncALlLy téero Then The Product 
is Z€ro toy Att vALvEs of b! 


CoLlecTING our VesuLTS From The Prewous PACE, WE have 
S( xe) = SCX) + (* [ - ae = V'G 4) | 2U0 dt 


BY Our wAppy Theorem or LEMMA WE IMMEDATELY HAVE Oure YESuLT 


fit) = - md - v(ze) =0 
more familiarly, ee ; 
mdk = - V(X t) 


o 


Aud we have Proved THAT CLASSICAL MechAwicS IS deriuAblé Srom The 
PrimclPLe ot Le@sT AcTOW. ThAT 1S, for A conSEervATWE S¥STEmM , The PATA 
TnaT haS The mininua ACNow IS The one SATISHYING Newton's Li, 


There fre f& Few SIWATIONS Where ThiS Extremum IS NOT A MINIMUM, LE, 
correspond TO A LEAST TIME. There could Re AW Sftddle POIWT AT The 
Extremum wWHich 15 NOT A MINIMUM or A MAKIMDEM, So WhaT ovr Principle 
TEALLY SAYS IS That The FirsT order chawoe IN S IS EErO. IT IS NOT 
NEcessfmilLy A MINIMUM, 


A Quitk word on ExTendING The Idem TO Three DIMGwSIDN. The ANATA 
1S JusT he Simé where NOW WE vitry Three PArAmeTEers X(t), 9) fwd 
z(t) bY Nit), Sct), 5 it) Say. The kiwenc enérey 1S Simpry Vem(xi ty re) 
IT- 15 A SIMPLE MATE To Tramstorm To SOME ScrewhbALl Coord ware 
SYSTEM ,o fy, VO, find P IN The SAME Why VATPING ERCh PArimMeTEeR Sepmarery 
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| want TO NOw TELL YOU WhaT The ACTION IS for reLATIUISNE MOTION. Remember 
A while Aco we sAia SThe AcnON WAS The WTEErAL of The Kinenc MINUS 
The. PoTENNNAL ENETGY, This (5S TRUE ONLY IN The NON STELATIVIsSTIC CAKE. For 
The retanuiSnc CASE we MosT have AN ACTION which yieud The proper 
EQUATIONS of MOTION , a [72 | + . Sv 


dt Wi-x Ox 


INSTEAd of WOrKING bACKWATd TO ANd The ACTON, ULL SIMPLY GIVE IT 


®, ce i" [- meet {i= - Voxel] dt 


Now Whit I'M Dow! Ain'T A bie deat ; IT's JUST ENTETTAONG — A SMALL 
dcAl. | WANT TR SHOW THiS ACTON does ceive The rleHT €QohNON dt MOTION. 
FokLowimo The Sime AWALYSIS AS be Fore | we STaT with A SMALL PATH 

ot 2% 
VAI ATION, X= -X +H oe X= Ten a 42H 
We most EvALYATE The SQvate roor TERM 


=) % weve aS ‘te 
inte tart) * (I-X ) (a 


EXPMmid ING The LAST Erm TO firsT POWETS IN YH WE ee 
jae = tex = ue t hicher order Terms 
,i-x 
Ovy VATIATION IN The réeLATVUISTIC ACTON YieudS 


Sx - | ae Vcx,t) -— V ‘nt | dt 
Si = oe cf te - v'n] de 
ob Tx 


INTEGYFATING by PaATIS AGAIN 


iu 
=) 
a 
= 
o 
C, 
, a 


= 


S.° Sp 4 | Gomek -vixe | qe de 


Thos a mo X | =y =u 
deel Hae 


So, IN fact, we do Getthe Proper EQGVATNOUN at MOTION , 


we CAN Go farther And discuss The revanvisTi¢ INVATIARY CE at Tmis 
ACTION primciPLéE | The foLLdWINe MANE IN Three ere WE HAVE 


s = - mf “Yi ote) dr - viet) ot 


SINCE = >fi-yt or ds*= dt™ Ci-v*) ll hive for The nest 
Tt 
INTEGY AL “S aie mo | dt*-dx-dy"- d ze = = mo Je, t ds 


Thys we WANT The path Which MAKES The Proper Mme AW &xTV com, 


Y | 


The whal€ fELATIVISTIC INVATI ANT ACNON 1S Thus Given bY 


S= (., L-meds - V(X, 2,¢) d+| 


The InvAriANce Memis Taar if § is Least for ME,IT 1S Least for you. 
THAT IS, IN ANY CoordinATE SYSTEM S IS AM EXTYemum for The Acnal 
TELATVUISTIC PATH. Bot we must INvewT A ModditicaTION of Me 
Porentn#l Term So We SET The RiohT -torces ON The Eq u/nons oF 
MOTIONS , 1.2, 9°/8x 1S MoT S¥SIMETTICAL ANYMo re. 


ONe Possible PoTEwitl IS A ScAlirPorennAr LCxpzt) so 
a _ 
oe la ~ Mod S —~Kx,?,2,t) dS] 


So +r There Are no KNOWN LAWS Which Ave deri Le from This 
ACNON, Qui iT 1S GN TO Predict he Behavior of PArncles udder 
SUCh A PorennaAl if iT WAS A Valid Lf. 


AMoTREr PossibiciTy, 1s TO hfve a 4-Porenntt Aw so Tat 
: -_ 
ae he |- mod $ = Acixyatd tt + Ax dx +A dy thede | 


Fron Twis ACNON We CAN derive The LAWS of ELEcTMCITY, 
One more PosstbiliTY 1S fw ACNON Given by 


= \-mods - dt dt -~gixdt dx 4 de dy sae 
S \ 9 ¢q* cS <td qe Js Ss t+ atv i is S + 
This 1S A 10- POTENTIAL SINCE Mere Are TEN possSthlé cOmM bINATNONS 


of uyec. An Examece & of A torce derwAble From This ACTION IS 6vAvITY 


What we ATE TYYING To do by wriTIN©G oor customary EQutmons 
oF MOTION IN ThiS for=nt form 15 To Try to find & Fram evwor K +or 
MechAmics ThaT 1S SIMPLE, We fre NOT TrXino To deduce ELecTRodyAmics, 
IN Some form IT Seems ThaT AN CQUANON WitL THKE ON A Ver 
NATUr AL SIMPLE rcpPERy AME, 
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MOTION oF A ‘PARTICLE 1N AN 
ELECTROMAGNETIC Fiétd 


LAST The | GAVE Yoo A Problem TO WORK OvT ANI NOW | WANT 
To do i. | GAVE YOU The ACTON for A PATTNCLE MOUING IN AN ELECTTO~ 


MAGNETIC Field, 
: =) mas Bh Nudxa 
EXPANdING ouT WE have 


S= - { Mo f1- heehee dt ~Je Pinyzedt tf e| Ax (x,72,t) x dt 
te) Avixr20 Ht dt + el Aetxy2,t) 4 dt 


We have chosen To detine The PAth of The PATTICLE by The Three COMPON enTS, 
X lt), Yet), And 2(4), OnforToNATELY This tS A hiohl? UN re wANUISTIC ( NoTE, 
This 1S J tPherewnared from A NoW-veLANuisne QufwnTt) APPrOAChH bechose 
The EQuATIONS bECOME LOPSIded . HAT IS, They depend ON The Choice ot 
coordwaAtes. But The ACTION IS INUANANT ANd | witl Prove Tis AT 

The End. | hAVE ChoseM TR MAKE The ANALYSIS AS EASY AS POSSIbBLESO 

1 don'T dé€STYoY YOU ALOone The WAY. 


Im The Above ACTON | hAVE dedined The COMPONENTS IN The 4-poTeuTIAL Aw 
INFOLLOWING WAY 
= Qixr,é,t) The scalar PoTennal 


Axy2% = Vector poTesnaL 
Further I have 4SE€d The Lact WAT 
- {i-xt-pue dt = fi-v' dt 

Now Leéet'S VAYY The PATH f#S Before so We have KR New PATH 

dened bY A VATIADDN Bre ON The ACTUALLY “DYNAMICAL PATH 
X= Xit) + §(t) vie) = Yee) t Y(t) = Et) = Bee) + F Cet) 

We Now write The ACTON IN TEMS of First order UATIATIONS ON The 
Actuate PATH. “PhAT IS woe NEGlecT SMALL Terms LiKe §71, e en ess 
But ThAT 1S AWSoLLY ‘difficult To Do becuse ot So MANY TERMS. 
LETS SIMPLIFY OorCALCULANON bY ONLY VATTING The 2% COMPONENT fd 


hold ING Ylt) AWd E(t) fixed AT Yet) Ad ZAt) VESPECTIVELY, WhAT we 
Now have for The AcTON [tS 


S= maf L(+ 8) RE dt - e| QIX+S Yztdt + e) Ax (nr, ¥ 2) Rrs dt 


+ e) AV(Xt§ ¥Ut) dV¥dt + ef Ae (Xt§ V¥,tede 
Now we hAvE To bo SOME ExPANDING AS before. “ReEGINNING with The 
First TERM we MUST APPIOKIMATE The sgufre reor TO first order 


= by The binomiAl 
a Ms Theor em 
ee 


The Second Tern cAN be wrilTen AS 
e) Gx +s, Fede = ef) GUT e) + ¢ aden,aey de 
ox 


The Same TYPE oF ExpfAWSION INTD fl TAYLOr Series Goes for The VecToR. 
POTENNAL SO WE CAN voriTEe ALTGETEer Te first order 


Semel fede + { [oi 4 en dde + (Suape se Qekeaby 


I-v 
dAz F 
TrANS FOrmiInG The Second IWTEGAL $y PATS we GET, . Oz 2) [de 


Mo X 7 Apa ‘= 

Al f OR, - \ ee 4 [ae +e Ax! 
eNINAL dt Tirve 

A side wore here The Terms (N The brackets ftre The SENErALIZEd MOMENTA 

Aud Cf be Written IN The form AS 9 ber | won'T COIN hat now. 

BuT The tirst Term iS zero Since we * DON'T vid The €nd POINTS If 

WE did v Ary Them IT 1S LiKe ChANG€No The momevrum HSMALL AMOouNT. 


PUTING AlL THiS dribble TocEemer, 
= = {me ve dt ~e)@de + ef As dt % tel fy Ydt 4 =) Azide 


‘|S +e | ) 

ret eH ERE OHS 6 Cai a Sa a 

firv re COR FSF a att 2) de 
RewtiTiINe Tne chfhwoGe JN The ACTION 


Se aay x Ee moK _~ dehx _ edkf » edhx X 
S ma) dS fedusxm + Jf-2 (PB) dt . ax ax 
+ e@ We + edd & edt 
ax t 


we CAN NOW EQUATE The coef ficient of E6t) 


df fw% ) . = = d 29 fed ¥ DAy + dAz > 
i. (BS) = n= + Gree tee (et ee su) oe 


Now )T IS Nole corrécT To THKEe The TIME dervATVE of Ax becnusé 
Ax Is CONSTANTLY CHANGING WiTh. The renal TIMe derwATe Is by EXP And ING 
The followInNe dificrennAl to first order 


Ax C k(erat), Fret atr, zcetae), T+At)] - Ay (xcty, Yee), BLO), 4) 
AxC Xtatx, YteAtr, E+ act, erat) — AxCx,%,2,t] = 
dAx YAt + dAx YAt 4+ dAx gdt + dAx At =4tiwst order chAnee 
ox oY “ot ot 
FINAWY Then, : 


~d [MK] 2 Fs e(-2d - Ar) 4 ev (Ar am 2 (Ms - 20k) 
a : a aes a OX d% 


This 'S The why A PATNCLE MOVES IN ONE dimewSioN IN A ELECTYOMAGNETIC 
Feld. We cam ExPEND This CLAW To Three DimenSioms QVITE CASILY 


4 


The forn of Fx could have been expressed in The follLowine wAY 
ARG NI Meee 2 

Fx= el EcKy,z) + UXBIx 

SO GENEFALLY WE hAve 
F = e€ + evxB 

As we see bY COMpAriN® The above Fx wiTh our Previous fésulT , Tre 
Electric ANd MAeNETIC Flecd vectors E, find B , fESPECTNIVELY, Are 
YeLATEd To G ANd A The SCALAr thd VecTor POTENTIALS, 


E--V>-aA R= VXA 


IT 18 Move CUSTOMATY TO ewe” ow fields Than The POTENTIALS when 
EXPrESSING The force, 


If we write These Two EQUATION ALL OoT, W € 
tind TAT The SIX field comPonenTS Are reLATed To The 4 ComPoNn ents 


of The feue vector Aw, BuT The YeLATIONShIPS ATE Nor independenT 
And WE have TWO LIMITARONS OF condiNONS WE MosT SMsty, 

= 38 
Ve B= And VXE —" 


TAKING The fiysT CondITON We hAve 


Bx 4 Gy + IBs =O 
ox oY ot 
50 
are fy 4 SAx _ athe + hy — atx 


Oxo dxdt 9t9t Qyagt Jt 9x Ot9Y ss 


A Similar MATREMANCAL Proof witt Show Vxe=2 


(o) 
lo, 


| MiGhT POINT ooT 


Tar hiSTOFIC ALLY , The vector PoTewnal, A, ws 
‘discovered betore The condiNONS VXE = 


B And UB =0. Hitxw ett HAde 
The 


Phenomeya described by FArRdAAyY. 
LAws TOGEThery, he foUuNd Them To be MUWALLY 


IMCONSISTENT, He foujd he de-needemA DISPLACEMENT CUrVenT To OnTANGLE 
The Problem. The vécror PoTeunAL WwAS cALLEd The 


ANd T be ABSOLUTELY fAIR IT WHS 80 Mitmed bY 


discovery. He WAS worKinG With The 
When he Pur ALL The KNOWN 


ELECTrO TONIC STATE VECTOR 
Von Neumann. 
Theve APPEATS To be SOME ArbITTATINGSS IN Where YOU STAT This Whole 


DISCUSSION, WheThey | SMYT WIth TniS ACNON CYAP Awd DEdvce Tre 
force LAWS or 


clam To KNow The Laws ANA Discover The ELECTYIC 
ANd MAGNETIC Held CONNECTION IS ALL INMATE AL. Bat 


write The ACNON TO beoin with because iT 1s 


| Choose To 
SIMPLE EQUANON trom Which 


A More ELOQUENT Awd 
| CAn’ Devduce A LOT. You CAN'T force 


mE or NATUTE IN TELLING YOU Which Are The ASSUMPTIONS find Which 
Are The deducnons, | like te STH from The vbScvere And deduce 
The COMMON PLACE 80 The other way,1é., Giveto The force (ws To SOT 
wih, IS The cagty MAW'S ASS UMPTON. 
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HOw TO DETECT The vector PDOTENNAL 


DYRING The emrey YEARS of Work IN ELEcTYOMAGNETICS There 


WASN'T A WAY TR Measure The Presence OF The VEcTOR POTENTAL, 
The only Mensur A bte QUARTINES were The ElecTTI Cc ANd MAGNETIC 
Nerds, BuT Now WAT YE hAve QuANTUM MECHANICS WE KNOW ThAT The 


AcTON Is YELATEd mM The Phase of A WAVE which InTUFN Is A fu~cnow 
of The 


INTESYAL of The Vector POTENTIAL ATOONd A CLOSEd PATH, 


Twat 1S 
: AcTloNn ~& § Anu ds 

SINCE WE CAN'T wriTe QUANTUM MEchANICS IN TECMS OF E AND B , We 

become AlwfullY sSusPiciougs ThaAT MAYbEe There does 


EXIST AN EXPERIMENT. 
wrich eaIll 


ALLOw VS TO defEcT The presence oF The vector POTENTIAL. 


LET'S cOoNSider A Very LATGE coil MADE IN The Shape ot TARYS, 
Now conSidér A cross secnON ot This coll Where There 
13 A B-Ftierd PFESENT 1é, GET CLOSE T The COIL, ArdUnd 
This B- fietd CircuL ATES A vector POTENTIAL: EvEW IN 
TEGION sSofkiciewTLy far from The coil where R=0. SAY, 
OuTsid€e The LITLE DIAMoNd +0, Now LET ELEcTYONS 
MOVE INTO The CEGION Of EETO ELECTTIC ANd MRE NETIC 


Frecd bY EMITTING Them Tavoveh A CONTTOLLEd SLIT Which 


SPLITS The bef Around The coil reflects oft Some 
sirroes ANd COMES ToGEThEr An A SCrEEN which records 
The number ANd LOCANON OF The IMPINGING ELECTYONS, WE 
WILL ANd TO Our fbsotuTe AMALEMENT Tha A TYPICAL 
piftrACNON PATErM COMPLETE WITR MAKIMA ANd MIiMIMA 
\S Observed. '¢ The B-field is increased we observe 
The Ero POINT TYANSLATE UP ANd DOWN but The 
SPACING between MINIMA TEMMNS CONSTANT find 2 tao 
EQUAL TO 211, For the ELECTYONS To be dittacted 
Like This Ther must F6EL The Presence 04 A N&O 
Kind of Fiétd )Vvle., Tre vector POTENNAL, it 1S ! 
Possibte TO deTéermine The Line cATEGrAL of “A” Ardund 

A cCloséd PATH Even in FEGCIONS OF B00 


yheey 


, A ed Ss = \ Be Alarer | where re = VxA 


The Presence of MATher exisTeNCe Ot The Vector POTENTIAL IS A CONSEQUENCE 


of reguIriING The ACTON TO be A LocAL Phenomena. ThaT 1S. There is A 


i 


CONdINON IN SPACE Which WE Choose TO cAIL The vecror POTENTIAL Which 
Properly E€XALMINS The behAvior of PAYTICLES MOVING IN YEGIONS oF 
tero B-tetd. ON requirement ON LOCAL Phenomena ris$ our Theory of 
INSTARTANGOUS ACTON AT A diSTAwce Which we Wovid have To ALLOW 
INorder 7 CKplLAHN The behavior of The PArncleé iN TECIONS of 

TheDreTe CALL Y 110, IN CLASSICAL PhosicS we would NOT be Ableé 


To diveurey mesure The A-Potennar's effect AS seen bY The Cx PETIM En. 
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One conse@uence of This AreumewT 15 TWAT The veTOR PoTEeNTIAL 
CANNOT bE DETEYMINED AT A SINGLE POINT IN SPACE, RATHEY IT 1S 
EvAlufted over A Closed PATK. Fortheymore if we mult PLy This 
Line InTeéorft by The CWAveE Over PLANCK'S CONSTANT, Wwe discover 


This QUANTITY IS DETETMINAbLE ONLY To AN 


INTEGrAL mMULNPLE OF 2], 
TWAT IS, WE SAY IT 


1S Mddvlo INTEGEr 2. The venson for This 15 

VITEYLY UNKNOWN, IF ANY ChANoes” Occurred IN This QufwTty IT woud 
hve To be vetted To A Chinee Ww The CNarce 9, bul Sot All 
Charees fre mutnpres of A Fudd AmMEeNTAL UNIT. Lf We RecALL ovr 


CLASSICAL APPFOXIMANOND oF The Phase If 1S GIVEN bY The ACTON 
OVER PLANCK'S CONSTANTS 


d ‘ $ e ~ te (ds + lads + 5 \vde 


WITR The SEcONd INTEorAL EQUALING @HH WE been F UNdersTAd 
how The vAviOuS wves Could ADD IN PhASE, ALL The difficurty 
we have IN DETETMINING A IS Bue TO The FACT ThAT We MOST INTET- 
Fey with The ELECTYON To DEFLECT IT And MeéefSore MT Which MighT MAKE 
IT APPEAT A LITLE LESS FEAL TO VS .BveT IT 1S ANALOGOUS TO The obserusnoN 


ot AN E ANd R fretd Where TO SOME moVING CoordipAte SYSTEM 
RB mMIGhT be ze€rd. 


Four -DimensioNAl GrAdDIENT OPERATOR vel. voll charie® AS 


| want To co bACK AN piddle ATOUNd with wa The €LEecrTIC fwd MAeNETIC 


Field COMPONENTS Which (GAVE You LAST TIME - for INSTANCE , 
Ex = - %At ~ dAx Ba = dAy - dAx 
ox at Sx 7 
I Choos€ TO WITK The scAlfr PoTernAl @ AS At So 1 CAN recognize 
The VELATIVISN: ChfvAcTer of These EQUATIONS, LuhAT 1 come up with 15 
Another Exprmple of A O&O VECTor IF | 


ETc 


wriTé : 
Fxez Cx Fect = Ey Fete = E2 And Fay == Fa 
Fxy = -@Be Fve = -i3x Fax =-By Fau = 0 
| have to realize The followiNe. It Il hfve some vector 
POTENTIAL 


Mex, 7,2 ¢) whiche 15 INVATIANT, Then The QvuANTITY 
2 OX _9F _9K_axX 
Vu L Jt aX st oe 
t have intooduced the four dimeusiom 6rAdienT 
e+ | a 2k =e So 
he Ge V) = C 3r: Ox) op) at 
The invaviAnce of The oP ErATOr IMPLIES 
lL won'T baTher 
Ur aS: 


1S ALSo INVATIANIT. Here 
oPer ATOR 


iT behaves tiKe A 4-vectoR, 
Proving The invarifyce bot ther ter MrSEect dbetieve 
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INSTERd = LET ME ShOW how This oP erATor WarkS | Comsider A whve 
functon Such Thal 


x ee -kxX - bi Ee 
Where Rea > ‘6 w, ky, hey ky) 
Then bit our rule for dif ferennanon 
BX 2 bwX 4 = -ChH y = chy QE. -i ky L 
ot ox Che 
The desivéd YEsovLT, 
= pes 


Wwe see The CAST Thfee PATA derivATIVES 
we wet OX. thkyX , Ek. 
ox 


IN order To ObTAIN 


MUST be NEGANVE SO 
Thus The réAsom for The NEGANVE SIONS. 


ReTurnine Now TO our Force TensoR Fxy | cf CAfwee MY NoTAToN 
INTO A Néw form USING The 4- 6rAdi ent, 


Fuy Va Av -WAw 


CCE Awy= ( Y, Ax, Ax, Az) 

To Show tns 1S TIEHT consider BRe TERN Fret, 

Fxt = Une + Ve Ane oP = Site 

Ox ot 

Fxy = Vx Ay - Vy Ax = -dAy + Ax = -Bz 
And The other components fire Jost as °% 


Y 
EASY. WhAT | have done 
here 1S To Prove how Fuy 


chm be retfred To The Taree €tecTyic 
And Three mMAGNENC hetd coOmMpONENTS Which 


| GAve vov EcArty AS 
fx ExAampre ot A Oo vEcTOR, 


Now Try Fay, 


R i) 2 
The EQvAnons ot MONON IN RELADVISNC NoTANON ef. Varn chapter 26. 


We Now AVANT To reéeTurN To our FEeLANVISTIC form ot The force, 


nel r— 
A | a | : | + VXB 
dt { j-ve $ E B | 
BuT Cemember The Time derwithve of A 4-vecter ts NoT ft 4-vecToR AS IT 
sTANdS- The Expresion Yat 18 A Speci Thine WIWIS NOT iNvAaT ANT, 


Wwe musT chfmwoEe TO ProPer 


jbé&, AS = Pi-ve dt. So tf we divide 
boTw sides OF ovr EQUATNON ee \ 


we will hfAve bY ECALLING 
Also our defiwNon oF The NV four-ve locity 


dXu 2 _W_ 
dS VY -ye 
Simce Vv = 9x/ge ae ae 


y inve | i-ve dS 


So THAT we hfive as our torce £QUATION, 
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We Ave NoT TEt#IY TH worniTE THIS EQ LATION FELATIVISTICALLY INUATIANTLY. 
To do MAT LeTS THKE for simPucty's SAKE JUST The X-COMPINENT, 
z a 
modra = g[ Sh + CVxBls = 3[ Hes + 162-42 & 
d S* hiv Yi-ve ds 
Rememberine THAT Frx= Be ANd Faz = By 


aXe. wee dx _ Edy Js | 
m Sas >. = ss — 
‘oe g L Fee “ Fxx — xy So Fre es 
Since Fxx =d , we bh Ave 


STVCK «iT WN fer The heck Of IT? The second 
INDEX 1S Now INVATIANT White The rst INdex RPPEArs ON EITmer SIde. 


Thos WE write The €QuATON oF MONON of A PArNcLé oF TEST MASS mo AS 


$3 mod Xa - 4 2 Fay day 


CurtosiTYy demfndS oS Te nee The am COMPoWENT So LET A EQUAL The Time 
variabte CT. IN ouy EQUATION we have, 


Ss me | = 4 | Fee se -4a 3h 35 -te D - Fee < 
NonnG ttt =O fd Ex= Fex , Ey > fey , Bes a . Expfndive oof, 
: d me —l ) > 4 L Ex Vx + Evvy + Eeve | 
Yirve Jt Vive area 


The AMAL brilliAwT EQUATION 15 
™ |] 2 g WE 

me] * 

brACKET WE CECOONTZE AS ENETGy So we hftve The 


Time CATE of ChAnice DF ENerey oR The Power Which ts EQuAL To WV°F. 
We coo.d Wve made This discovery EATLY If we hAd CALcULATEd 
Ver 


Fev = ve@l E+VxBl] = 9V-E + WCW xiB) 


Thus we have- Shown IT Is Possible To find The forth Soe 
of The four force 6ivew The other Three. 


The Term tNSid€é The 


ONE furIhmey CommenT, | GAve YOU The Problem of Showine 


oh - dxu a d Xa 
a“ oe O . And showed You Since xn oe (mo vie) = es x dhe) 20 
sie ae ake =; and s =O . A more cewerat formot this 
(mois 


mo ta 8H ne y Fay Ixy dX =0 


“By ExpAmdine The see ot The EA Lae So Fay WITh 
The SIMMEMICAL ONES AX¥ You chy Show ALL The Terms Add UP 

TO EEO, WhaAT This ean AS iS TRAT There IS No veLociTY depéenwdend 
FORCE WMpoNewT IN The di TECTION of The VELOCITY, Fe Sock A Term 
1S MVALDGOUS To f# TESISTANLE Term Which would Imply f Mon- 
CONServAathWe G&ETeyY IN VIOLATION ot Our ACTION PRinciPcé. 
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POTION of A PARTICLE IN A CONSTANT EleEctRIC Fietd 


LeTS Go bACK AN SoLVEe§ The force EQUATION 
3 f mov | - E+VxB® 
dt Yi-vz 4 L t 
for Some special CASES. This EQUATION LS OvY STATING PLACE TOCEThEY 
WITh our condIMONS THAT, 
Vip 20 hud VxE = -96 


As ovr Arst cAS€ LETS consideR The moTION of A PARTICLE Which 
STAYTS AT REST ANA Moves IN AA CONSTANT ELECTRIC Fiéld- AS You 
AlGhT ALYeAdY KNOW The pAYTcLE 1s AcceLenATEd fasTeR And faster 
UNTIL IT becomes retaANvisnc Ad ITS SPeEd APPrOAChES GAT ot UGhT. 
As we hive Cemrned 50 fir The MASS INILL conTINUALLY INCTEASE 
durin@ This MOTION buT LETS SEE A LITTLE beTTER WhAT hftP Pens. 


For simputity leT E€ = & €x sO WE OWLW have Te consider MOTION 
IN A SINGLE dimers i0N. Thos we hve, 


2 | Wag X x eae q E 
er 
INTEC ANNG ONCE 
= Be 3 


li-x* wie 
Et , SQUATING, MULTIPLYING Thyoveh, SUbTrACTINL, And 
TWPNING Every Tino upside OWN IT 1S QUITE EASY TO Show 


X = § &t/m 
[it (8 et)? 


If 1T bothers You how 1 did This 50 FAST, 1 did 1T AT home And | happewed 
To Temember how IT CAme ovT. Now This CAN be INTEGIMTEd AGAIN TO 


x<e 
i 


BY MuLTIPLY ING by 


Give 
= ge L {ivGze — 1 | 
where The -l 1S we to correct for t=0, 


Mow LeTS Extmwe The behtvior of This MONON frtd See 1 MAKES Sone 
COMMON SENSE. Consider FirsT MoTioN very Efvly where we cAN expand 
The SQuare rooT TO ArsT Ofder Awd WE CET 


Xa Lars for tei 
This EXPYESSION IS JUST LiKe ", force Where The Term $& corresponds 
To AN ACCELEFATION. This 18 WhaT WE ExpecT Por The NON-reLANUISNC 
force when XK << Cc, For Times HUCh LATER The 1 IN the 8 QuAre rool 
IS NEGLIGIBLE So WE ees 
=pt-s 


§& PANICLE 
Since C=1 IN oor uniTs, WE See The Pessoal tS TY fiveline AT 


The Speed oF LighT frindys some SMALL AmouNT. 
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A PLoT of TiS MOTION AS A funcno Nn ot Time wovld Look 
LIKE The felLowine, G 


€ 


We cA ALSO EXAMINE HOw The MASS Chftwoes SINCE WE KNOW 
m = mo 
When we five JUST GETTING STATTM@ WE CAN fPPrommaTE X AS 
Le fF ¢ Céfrty) 
Since xX 1S SMALL, ALSO ExPfNd The SQuitre foorT 


Me x me (i+ £x") = m Reale 
OR SINCE ‘ of ee 


m~ Mo [+(e ~ mo {i+ (% €t)*/ 


From is form we hAVE AGAIN 


Mo = mM & 
fost S Qo Y bere Et} 
=x 


bur XGE + Mo = Mo Pre (ety trom The Previous Pee 
Thus Wwe See THAT 
bla bl 


2 g& x + mo 
\- x* 


This simpey SAYS TnAT The Enero? ot The Parncle 1S €QuAL TO The 
VEST EweroyY Plus The work done on iT, hé,, The ewerey Per toot 
IMPAYTEd To 1T. WE cAN See TwiS bY remEmMberine F= ZF ftnd 
EX= work. This 1s The basic dea behind The Linear ACCELECATDR, 


AnoThe- wAX To cePress Tis TesugdT- 1S IN Prover TIME Where 
WE LET Et = sinh ees = mM es = 
3e¢ 2ES So TanT X> Be (cosh SS -1) And 
X = Tanh ( bee). Re €ALUING fA While bACK | TALKEd A bouyT -AddInOW 
ot velouimes IN Terms of WhAT CALLEd FAPINITY, WwW, Ke 


Vis TAnh (Wr tWr) zTMWM tV, 
where i eee The vAPIdITY here. 


) 


a4 


vet. voe IT chapt 17 
MoTION of AC PARTICLE IN A CONSTANT MAGNETIC FlELd 


let's conmsidea The cASE ohere we hAvEe ONLY A MAGNETIC f$1Etd 
ACTING OW The PATTICLE jg, 
c mov - B 
ied —— = Ux 
dt rs: | j 
SINCE The Time component of The four force iS tEéro 
| = —_ 
ad = = ® = 6 
at iE =a | ios E 
WE ch TAKE The SQuAve rom ouTsid€ The difterewrtac ANd GET The 
FoLLOW ING FeRCE LAW 
iT) ~ aa 
a 3 ow = eae 
five dt 
Now iF we conSid€r The veElociT? ANd MhGnenc tietd Ate Normac To 
€AcChoTner Then we have simply 
ck Moh = gvsB 
fi-we 
Where GQ 1s The AccerérAcTIOn of the PANCLE, 
if The mAowenc Fietd 1S cowS7ANT , The PArncLe wil 


StmPlLY Go IN A CIYCULAT PATA with ACCELEVATION 
ae 2 


—_ 


where ROIS The radius of The circle. 


Thuy, we have ‘ 
x Wis gob 


Tirut wR 
or BR= Mev is IP) the momen 
3 fi-v : 


The MomenTYM ot fF PfrTIcLe CHM be deTermiwed from the Size ot The circle 
IN Moves AYOUNd When SelvecTEd TO A CONSTANT B- fIEtd, 


FoR The non-vrecanvistic CASE we I&Nore [a-ue ASM since IT 
Doesn'T Difter much from L. Then we have 

4 BR Mow , 
And frommis we oer The CYLoTrON Frequency AS tT ts CALLE, 

tS Wee Se Ue 

R i Mo 
where T IS The Period of The MONON tee 

The CYCLOTYON Frequency 1S CONSTAWT for velocImMes Much’ Than The 
speed OF LiGhT, As the verociy INCYEASES IT IS POSSIBLE TO 
MAINTAIN A CONSTANT frequency by INCTEMSING The T-tiEtd Pro- 
PorNonATEely. Bu MiS Boes MoT Work bepond A CERTAIN 
Enersy LEVEL. ONG Problem is MAINTAINING fA Aioh AVErAGE MAGNETIC 
Fieid inside The orbtT, ONE Wty fround This 18 To PéeStOM The 
Cor odo THAT ThE thetd ig hiGher IN The C&VTEr, Another pitticuc tp 
IS The ENErOY LOSSES DUE TO The Parncley TAMIANON Of ENEroY, 
SYNChYrOTTON YTAGIATION. WhAT WE hAve bee AISCUSSING IFS The 
Ideq ot The beTATYON ANd CYCLOTPON MAChINGS for AcceLerAMNG 
€LEcTrONS To hIGh ewErcies. 
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Monon of A PAYTICLE IN A CONSTANT ELECTTIC ANd MAGNETIC Field 


Whew LAST scen we found The Eguanon ot force on A PATHCLE MouING 
IN AN ELecTYIC AND MAGNETIC field. The EQuATION WAS Given AS 


Fe 9 Et+vxB) 
Where we recall Two oer 


EQUATIONS NESESSATY TO COMPLETE This 
EQUANON, 


as = ON = UXA 
E V¢ ne B 


Now we hfve LoTS of direcnpNS TO Go from here 


fiid Wwe cowmsider A 
couple of Those direcmons LAST TNME. 


| Shovtd do ANOTher Problem —That 1S,The CASE for monoKw 
of A PAYNCLE IN A CONSTANT ELEecTrIC AWd MAGNENC Field. ThiS 
CASE 1S VETY AMUSING, so I'LL describe ltr. Consider Me R- fied 
IMTo Tre PAPEL And The E-tieid DivecTéed verncdAlly vewaRrd. As 


A PAT cle STAYTS OUT IN The divecrnom of E iT 18s DEfLEcTED TO 
The LefT bY The B-tield. The par, foLLows A CUvVe UNTIL The PArTclé 


1S Curled BACK find tS NOW beins de acceterAted AS tT headed AGALNST 
The E-tiEld. Soon A YVEVerSAL PoINT IS refched fiid The Particte 
STATTS To ACCELETATE AGAIN. The neT PAT IS A CY¥CLOId TY AWSLATING 


ALONG The DIrecTNIon at RB So AcwALLY WE hAvE A helix or 
Cork Screw mMonorr 


E 


Bin 


DEPENDING DN The Direcnon Of The IniTIAL VELOCITY You cHm oe 
pitferenT MOTIONS but Ther Are AlWAYS C¥cLOIDAL, 
E 


—-> Vo 


}) with LefAve iT uP To voy TO Fteure 007 The differential EQUATIONS of 
MoNoN. BuT twAnT TO PoInT ouT There is ANOThey wAY To Unde STAN 
This MOTION ANd THAT WAR 15S: WiITh YeLANviTY. Whenever A PATTICLE 1S° 
MOVING AT Some VELOCITY Vo we CAN recall Our Electric ANd MAonercC 
Sted TrAwsformATONS THAT we developed A while bACK. Those EQUANONS 
WkenT SOMETHING LIKE 


B- B- ¥XE E': E£+NVXB 
; |- V7 ex = Ver 


Where Ray > Bs Aud. Es 2 Ey 
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iF ANoThey 


CoordiwATE system we Are Able 
MoTon 


ot The PArNcle AS If 'T Wer€ ONLY Acted UPON by A MAGNENC 
FiELd INSTeAd of boTh AN ELECTYIC And MAONENC FIEld. But siwce 


The N€wo coord wATE Is TrAVslAanne AT Vv 
STING how we Ger A 


To describe The meow 


flocity Vv, iT IS EASIEr To Under- 


helicAl moTiOAl, If the Mfeonitude of E IS 
Greater Than B The PArncLe 1s N€ver Turwed Around byt tS JosT 
deflected, 


| Dow'T Kwow tf ITS WoRTh TALKING ABOUT MOTE COMPLICATED HoTIONS. 
So | THINK I'LL Go ON TO SOMETWING New ANd LET YOW Work ouT 
Some MOre CASES, 


vol. ll Chapter 18 
ThE Gauce (or “No Good “i TRANSFORMATION Tet. . 


| WANT TO TELLYOU how TO CALCUL ATE The VECTOR ANd SCALAR 
POTENTIALS GIVEN A CERTAIN ChARGE DistTribuUTION. Then You CAN Fwd 

The €LECTIC ANd MAGNENC FIELdS RIGhT AWAY. Fiest | wANT To CONS Ider 
AR few special CASes ANd LATER TELL TOU how WM Work wiTh ANY 
Kind oF ChATGE diSTTIbUNION. However, LET ME PoINT OUT TAT (T 1S 
NoT POSSIBLE TD UNIQLELY define A And $ for A Given E anv B 
And QufitTuM MEchAWICAL ProbAbitity, I'd BemeR EXPLAIN The VeAS ON 
for Tris. 


We WAVE TALKEd AbouT QuANTWN Mechfwics in Terms of The PrINci PLE 
Ot LEAST ACTION ANd Expressed iT IM The FOLLOWING way 


Se: = ms (ds + { Cede ai A+v dt) 


z 
: an 
CALCULATEd ALONG Some pATh from POINT | TO POINT 2. 
Suppose We 


CALL The Above ACTION Sw fNd SAY IT 1S 
The ACNoN Observed by moe. Now if Joe hAS A didferenT 


vécTOr PoTENTIAL THAN Mo€ becAus Che IS MOVING OF SOMETHING, hiS 
ACTION Could be Expressed AS: 


zu a t ae 
Ss = molds a (At dt - A’sVadt) 
DETEmINEed ALONG The SAME PATH, wWhAT WE WANT To KNow KS 


Whether boTR Joe Awd Moe ExPerience The Shue Minimum ACTION 


for The ACTUAL DYNAMICAL PATH? The ANS wer Te ThiS QvesTION 
iS. “Ves 1 “Tee pitferepce beTween The ACNons Boes NOT 
depend oN The PAT. Of INTEGrATION- UNdeR SUCH A ConidiTION 


RoTh Joe find Moe Experience The SAME SPAYSICS, 1.4. The foRce 
LAs Ave The Sfne, 


whAtT 1S The di Herence 2 WE, IT CAN be wriiTeN AS 


F ge 
Sm-Sji = §, (Qe - av) dt 
where Rut Au- An. AGAIN The Two MonNONS wil be EQquuALEWT 


If This IMTEGYAL DOES NOT depend on The PATh TAKEN. Such 
A condiTION would occur if The InTecrAnd WAS A Perfect dtterew Tac, 16 
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. dX (x,¥,2,4) 


Sa dt = Mitwwna.t) - CM, 494) 
' t 


This IS EQUIVALENT TO The FollLOWwING 
pe 
Yd . . : 
( ( 2% + 29% eH gd 22) de = Kee - Lew 
' ox oY gz 
Now if we have a aN 
- o% Q=2==—- VX 
Qee = And 
OR Mote ELEGANTLY 
Qn = Yu % 
Then ALL WOvutd RE well; The neo ACTNOWS Would Produce The Sftme 
EecTS. Thus IT RoES Aor Vevzesa oN .WheTher YOu STAYT with A or Al. 
Where A And A‘ Are rTeELATed bY The Above TeESTTICNON, NAMELY, 


A's Aa VR Ae = Ae t 9% 


The Ifws: of CLASSICAL PHYSICS ,1&, Fs g(Et Vx), hold for The 


Above TYANSformATION. WE cAn SEE That A crn be ChANGEd bY AN 
fount VX IM The foLlLowine WAY: 


Since => OU XA we cfm HeTermine # Mew mAenenc herd B! 
USING The TYAS formMATION To A oR 
Bl: Vx’ 
ae SObSTMMNG Jor A' A -VHK , we have: 
Bit VxA-T7x9X% = YA -O 
The LAST TérmM on the VIGKT 1S ZERO ANd CAH ALSO be Shown TO be True, 
TAKE The z-comPowenT filoné of (UXA) 
(Vx A), > Ar - aBy 
simce A tS derivable from A SYAdiewt of A ScALAY XK , WE have 
Ay = ak Ay = %%& 
aX “OY 
SubSTIUNNG BACK INTO The PreviovS EQUATION we Nd 


a°Axy . QAy . BK oe ee « 


ay 2x ay Ox axa? 


Now we ALL KNow The Sécond PATTIALS Such AS The previovs ONES 
Are E@PORL 80 They MUST SobTYACI~T GIVE Eero. This 1S The ONLY 
PLACE IW ALL ot PhY¥sicS Where | GET A LITLE NErvovS becnuse 
PATIAL derivaNWES Were Givew To ME IN MATH. ALL The olher MATA 
\ have lLeArNed hAS bEEN Tnroveh PhYSICS. For INSTANCE | hAd 
CAlcuLUS for The PrAcncAL MAN Awd OTher such NON Sense. 50 
(Ser (IT €qual T zero ‘cAusSEe | Wve ALWAYS GOTTEN AWAY WITh IT, 


Also you remember how To Trnms form The EveécTric Heid SINCE 


E= -¥o - af . DeTerMIMEeNG Tre E-field tn The Primed SYSTEN 


ha E'=-vo- 2A! 
1) KEN p ot 
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\ ar ae 
Remembers is THAT gy = Y ae Anid A = A-Vx , we hAve 
E'>-vg*t rv2X%t _ ai 2 VA 
¢ ot o€ - oe 
Now 1T boMmers ME To INTERLHANGE The GraAdienT ANd TIME derivATWE 
oferATorS ber I'LL do TT ANYWAY Sd ILL GET The RIGhKT ANSWER) 1-6) 
E! — Vp = aA = E 
We THAT ThAT EVETN TRING works oc so San, 


Now tor QoAnim MechANicS ThinGS fre NOT Quite The SAME, Remember 
Thar The fmplitede of # Thine TO hrtppew IS AN Expowennnnl Of The 
Acnon sivided by KW or The Phase AS IT 1S CALLEd. The ditterenwce 
of The Two ACTIONS would GIVE” US A ProbAbiLITY of 

e % ecu - ax XN) 
UnforTumATeLyY The Phase depends Where YOu fre buT WE hAve To remem ber 
The ProbAbitiTy deperdsS ON The AbsoluTe VALVE of The AmpLITed € fd 
EVERTHING will SMLL be ALRIGHT. WE MUST ChfnceThe whve Function 
z yp Ts p= PexX for The chfwce fh A new A, 


| cAt Summarize Them WhAT | hve Dowe so tar br Expressine 
The VécTor POTENTIAL ,SCALAY PoTeWNAL Ths formATION IN Four -vecTor 


NOWMMTON Au = Ay + UV. % 


This if for NO Good TEASON CALLEd A GAUGE TrANS formfMON. ThaT 

IS, 1T IS NOGeod bechuse The Term Gtruce IS SILLY or, PeT HAPS, /RRATIONAL, 
Once | Gave A Lectore ANd SPELLEd GAUGE GUAGE. SOME ChHraAcTEer 

WroTe ME CcorvecTING MY SPELLING And TELLING ME GUA IS PronoNnNced 
like GWA IN GoATAMdLA. Bel GuACE HAS ALWAYS Looked 

YIGhT TO ME So ) wrote bAcK To The GUY ONE SENTENCE — CAN 

You guarANTee TraT! | Think ITS Ovr CrALY ENGLISh, 


WE MiGhT wfhtT TO MAKE A PATTICULAT choice oF The vector Pore NAL 
So THAT VeA=0. Somé€ONE ELSE MIGHT Choose VeoA Ses OA . The 
dormer tS Called ff Coulomb Ghuce, The LATrer 18 cAlled A et 
lLorenTé GAUGE. BuT hese caAvGes ATE NOT YELATQUISTICALLY INVATIANT, 
FANOTher GAUGE Which ts wulriANT IS) Vue Au =o. IT 1S A OrEAT 
GfmMe GIV/NG NAMES TO EQUATIONS find Whenever There IS A freedom 
IN PICKING fe PAYTICULAY EQUATION AS AboVE , POU ALWAYS GET A 
Lot of differenT NAMES. 
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Ref. VOLT chap 4 
FieLdS Produced br static charge distbutons 


Now | want TO STITT A NEw SUbJECT ANd TALK AbouT Fieids MAT RFE 
Produce by dift<erewT charge distribunows. 


Vurll S1ve Them To You 
WITWooT Kvnowine how TT derive Them. Tne StImpléest CASE | © AN Thintk 
of is 


A SINGLE | intinitesemAclY SMALL 


Charoé Some disTANcE 2 from 
A POINT AT Which | Would LIKE To KNOW The PoTeEWNAL 


The porearial IS GIVEN by The FelLlLOwine retnoNn 
p- 48 
ye 


A konsTT of PROPOYTONALITY 
uniT This COMSMHNMT IS Defined TO be 


AR } = 1077 c* 


i ql Eo 
The MKS vuwiT a@iveEs 


whe Ye R 1S 


IN The MKS 


C2 9x10'7m 

(B.) 
Qin cCovlLombs, 2 iN METETS , Awd p IN VOLTS. The 
facTOR 10°’ 1S found in ThiS CONSTANT IN order TO Lump ALL The crazy 
factors Of TEN RUNNING AYouNd IN ALL The oTher CQumMONSIN ELecTncTy 
ANd MAGNETICM, 


WE ARE ASSUMING The €cecTYOSTATIC cASE Where The 
chAroe Gis NOT MOVING, Then The vector PoTENTAL IS Ero 


CONdITION : A=0 


H we were smart ANd QUWAS MdvING IN A SWARIGhKT LINE , Then WE CouLd 
tind @ and A by aiwstformino EQUATIONS for A ModuING ChATCE. 

Id liKe To See hdw The Electric hetd,&, Looks for Thes chareé, 
I'LL beT You've Never Seew IT, Eh? Well we Are Premy smart And, 
Therefore, WE KNOW ThAT The Electric Tetd 1s GIVEN bY 


ee oe 
e E=-vp — vo 
since A =0 
So we must do Some MATH To fd The Grépent of The POTENTIAL , 
a 4 @ 
/ i ¥ Y 4 
And That of coorge tS Jost “as 
x Qa YT 
E> ane +? 
Proof: coder The X%-componenT ALONE, 
Exs - > —— 
ae Sx [xt +yt+e* 
where 


The chareet Is 


At The ortow Awd The diSTAnce To The 
field PowT 1S 


T= yxay +e" 


WORKING ooT The differentmATION 


|e ae Qs Q Ze 
Sxterte e* AN #Mé 3 
SUMMING The Y ANd E COMPONENTS 
ec: = 
qiiéy T° QE 


You tefluize ThAT This EQuATON SAYS The 
The direcnon of INCTEASING SCALA B PoTenTAL 
Nfenitde of The elecmc Held is Given by 


1E} s BE = Q 


¥*4TEo 
(fw of ELecrrosTATICS. 


evectic FeEtd Pots IW 
, Dy .2., FADIALLY, The 


TWis is The KEY To The 


LAw of SoPerpasinon 


| womwT TO TALK fhouT A GEweErAL Theorem 
Is TYVE AbsoLuTELY. Thar mMeawS AS THR IS WE KNOW There Are NO 


WVIOLATESNS. The Lfw hAS TO Do with The Tretd awd Potenriac Arisine 
trom AN AGGoréeATS oF NOT 


one or TWO BUT MANY Charces. The Theorem | 
QuiTeé simecly SiS The 


TO PereonAt Or wwe To 4; PporewnAes 15 
JUST A LINEA SuPer Posi TION ot ALL These 


INdividyAL Porennrats Ge 
gr = d; 


a zu 


iN ElecTICITY Thar 


ree 
or expressed (w terms of The ChArce fd separanon disTANce ve 


dp = F Qehwae 


ar P 


Chargeto P 
IS The POINT 


(No Q VESTTON. 


For wsntuce conader Two PoTenmars Di ANd Ge where The Tom PoTemat 
ANd Vector POTENTIALS Are 


—_ a—d pa | 

P= +b. A-A +A 

MAGnwenc Fleld IS CVE by B 
ater ey ay ovr di Hereynariou rules 


Where Ee 


Since The 


u 
— —_ 
B= VXA_ we see immed- 
Be Vxke+ Vek, = Bah 
The BenfAowetic fiecd ADD 
TTVE for The etectric Field, 


E- -vVp—2A 
dt 


Linefivty ALSO. The same 1S OF course 


- <i A, Ay 

ee ee 

2 NO, =~ GA, = Vihe~ Bw = 4B e By 
oT Qt 


Thus WE Sé€ ThAT The SuperPasimon Tue tS, 


Indeed, A GENEFAL 
STATEMENT, 


EXCEPTIONS TO The Rue 2 


There fe A Coupie of CASES WHICk APPEAT TO coONTrAd ICT The SvPER POSITION 
PrinciPLe WAT | JUST STATED. One of Them has To Do with The 


Te Phenomenft of “DIELECTYICITY. Suppose we hfve A Piece oF MATTER Which 
IS fpirlX close To Some chfvge Q. The herd Produced by @ distorts 
the Chfre€ DistvibuTlon over The reeion of The surdace CLOsesT TO The 
chATGE. This DistorTION |S Due To fA feATYAIGEMenT of The eELEcTrONS 
ANd ProToNS iN The MATTER. Now fdd ANUTher chfree Qc fits NeArb? 
Which ALSO DisTerts The Charee Distribunon ot The MATTER, 


—_— 
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The eHecnve Field AT PomT P ALSO im The AeA 1s NOT JusT The sum 
of The DistorTlONs created by The Too chAtoeS individuALLy, The hetd aT 
POINT F is The Sum of the effects yf ALL The chfreés in The REGION. 

Becfwsé, Then, OF NON-LINGAT TESPONSES oF HATTEr TO Difterenr ChaAreES. 


hieud 
This Ss ALL TELATER To The dpetec™mic PCOPEFTIES ot MA TTéR. Poimr 
PATH of PATNCLE 
RETARDEd TIME a f 
Nos The other CASE | WANT FO TALK AkouT Is 


The followine: 


ChATCE MOVING ANY WHiIch WAY. 
SvPerPOS\ITNION LAW Give os lhe 


IT workS This wat — 
\f yor WANT @ Aad A at P , There (S Some POINT te ALONG 
The PATH of The chafce where AN IM AotinAry flash of blo ht WodULd 
be EmiTTed ANd Arrive AT P AT The PYECISE TIME YOU" TO deTermINeE 
Wwe POTENT IAL. For IMSTANCE) The LibhT we See From AnvromedA TAKES Four 
YEATS To FTeAch US SO 7 IS The LiGhT EMINEd IN The PAST ThAT WE SEE Now, 
Ut looks | Then, LIKE > hs Produced ty from some retarded PoSINON Where 
The PATTIICLE IS MOVING A SOME APPATENT VELOCITY, Un ww A STTAIGhT LINE 


We cAlL The TIME AT Which we ATE defermine gd now 
\al hen 


whar tS The Ffteld due Tw A 
Im what whA?Y Does the 


POTENNAL 
AT SoMe POINT P? 


The réTAtded Time, 
Adding The Effects of MANY Charges, IT 1S NECESSARY To consider 


The retardanon effect When CHLCULATENG The TOTAL POTENTIAL. 


WITh The Time delfAY coNnsidefed IN CALCULATING 
KEYSTONE TO A COMPLETE Theory 


YOu NOW, ALL The 


we have The 
of ELECTRODYNAMICS, | hAVE GIVEN 
Laws of €LECTYOd TN AMICS | 


CovLOMb POTENTIAL ag 8) + ReELANVWITY + Time devay = 
IN+or MATION 
Tatvers aT C) 


Electrodynamics 


A VhilesoPhicAlL MOTE ON The WAY PhYSICAL LAWS ATE wrillEN 


IT mAY seem Odd ThAT The SAme PhySICAL LAW CAN be Expressed 
in maNY different WAYS. Some seem vmerly di flerenT OThers 


less 
utrerty Ritferent, | Don'T Why This 


IS. | @VESS (tT dePEnds ON WhAT 
You cONSider simPLe. For INSTANCE, OM A MACroScoPIc Level Fricnon 

\9 JusT AN OPPOSITION, To MOTION ANd APPATENTLY PrOPOrMONAL TO The veroc ITY 
oF The MOTION. SuT Fricnont tS MoT Such A SIMPLE ThenomenA AS we 
Care T MAKE 17. The EXPLANATION of HorecuLcar forces invoLves A vErY 
COMPLICATEd QuawTum ELECTYODYNAMICRL CONSIderATION of Field mWTerAcrrONS 
Further MAMTErIAL ProPernes, WEAY, SanoviINe, ETC 
UNdersTANdING of ThiS very 

of} The Lfws of PhYSicsS 
Tre PArTNicuLAr cASE 
SPECIAL 


ALL comPLICATE oor 
bASIC PhoNOMENA, Such An Ex pLANATION 
TAKE ON SPecitAL FOYMS, They Are UNI Que TO 
IM QUESTION. The reason fer This 


ts dvé to The 
MATReMANCAL Sorm The Law THKEs oN. There 


isn'T ANoTher 
torm or €xpressiON Which we cAn choose A~Prior:, IN ordér Words ALL 


oTher +e¥MULATIONS become IMPOSSIbLE bY The very MATUrE of The Problem, 
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So much Sor The excepnonAllY HArd To explAIN Phenomena, LET ME go 
bACK ANd Give ANOTHey form for The PoTes MAL Due TOA STANONATY chorce , 
\E., p= aug. * Remember we sAid The evectric hetd had The form E- & F 

° 


— 


~ Mis 73 
— i 
Where E tS vAdiAt And The frcTor Fe PermiTS US TO UNdersnind The 


Elecrtic fietd bY A Modet or ANALOG Which (3 NOT PELANVISTICALLY INVATLANT. 


IN The LIQVid World AN INTETESTING Problem 158 


To consider The flow of 
fluid ovT of A LONG Thin ThE 


inside ANWThet Fluid, tf You which The ovlWitd 
flow bi COLoriING The INJECTEd Fioid, IT WILL move vad ALLY wiThkh Some vutorr 
SOME VecoITY, U, How bie 1s The vecairy flow? weit, ITS ProPorTiIONAL 
To owe over Y SQUATEd 46, U x Vr*. If The 


AmMOUND of WATEr FLOWING 
our iS S) fAnid MeASured IN 


mysec , Then WE hAVE The FOLLOWING YELATION 
Ss 
want = = $ OF UF a 
We compfhte THIS TO The STYENGThH of The 
Euectric =+\etd 
Q/éo 


Aan t= 
We See That we PO hAVE A Good ANALG bETWEEN 
AvecociY flow ANd Evecmic FIEld 15 we MAKE The 
idennTY Q@/7,, = S. SINCE Ss A Mefsure of FLUX 
ovwird, Then G/é must be A MEéASUTE oF The EvLecTMIC fiecd Fux. 


The resucTS Are EASY To ANALTZE With The fluid AWALOGY. The bicceRr 


The bALL, The Move crap Hows out fda The LéSSer The veltoctN SO The 
SAme AMOUNT of Crap Goes OUT per UNIT TIME. 


Lers TAKE AnoTher Closed Surtace for imsTAW ce ft GoATS Liver, AN 


d 
PoT fh ChArce INSIDE, Now The AMOUNT OF WATET bY ANALOGY 
Throvoh The LIVEr MUST bE The SRME over EACH LITTLE Aven of 
surface, 4 The water Sovvce 15 outside The Closed sur hice, Then 


The flux ts EGvro SINCE The SAME AMOUNT of crap Léaves The Surhice Source INSIDE 
éAch Secondgy AS WTers, ane 


RETUNING To The EvecIVIC Field Problem we should cALCULATE 

The FLUX ThrovGh Some surface, A, fd THis Should EQuAL Reo, 
Consider The veltociTY vecror oivected ovT of The closed 

YEGION over A SMALL Area dA. IN order To Ceférence The FLUX To 

A KNowN Quant? chAraAcTerisnc of The Surt#ce WE choose The . 


NOrMAL TO The Areh ELemenT. WE Then hAVE The P fovected source ouTSid& 
Velourty? Veur COSO dA or aN Normal TO dA. The source 
INTESrAL over The Whole TEGION 4s EQUAL To The AmMouNT of . 


dA 
bux OUT, KE, mate es 14 source inside vi 
Ue A = } = 
Reis d Lux of Soup ‘S genie 
closed 
Sortace oe 
This [NTEGrAL 1S IdenTICALL? n 


Zero tf The Source is ee OUTSIAME AS 
Aicussed Above, 
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BY ANALoo? then 


~ IN 
ELFEcTRic flux = Eon dA - Qéo IF charce etside A 
Amy Surhace A O If charoe outside A 
G Auss* Theorem 


Now Let's GET TNCKY And CONSIDER 


hore ThAN OWE ChATGE, SAY TWO, 
The Tom tietd Due 


To THIS ChAYGE Distribunon 


1S bY cor superPosTON Q, 
LAW = 97 SG , W7 
e, ines L ie Yip G 
1p 
Thuy we See TIGhT AWAY _™WAT The €vecTric Fierd AT P IS JUST 
Pp 
E = = E, t Eu 
Y 
To ASSUrTe THIS CONStder P a 
a 7 
JE-nda = ToTAL Jlux 


If The Surface ENCLoses BoTh chArces , Then 
j € +e.) )ndA = Q+4+&- +4 (Q+Q,) = Qtorae 
Stoxved sortice Eo fo Eo €e 

The fiwnAl Great ANSWEr is Then 


j E-ndA = o (ToTAL chArce INSIAE The s urtace) 
o 
This 15 GAuUSs' Theorem. 


AnoTher whY To Express This result i+ instead oF & charce here Mid 
A chavee Theye We nave Some chArce atribonon VerPreseured by 
C= eC%*, 2) = TRL ChAre€/ yap peceae Then Gauss! Theorém TAKES The 
form 


{ E-Nd Az 14 J ecmy.erd (vorunes 


Surhace fe 


VYouume 


Even 1+ PSO ce, ¥,z,t) This Theorem is snr True So ITIS Indeed fl 
naster for! Theorem, 


The PoreNnTiIAlL AT SOME PoINT (HY. &,) 


dve To @ chftce distTribonon 
PCXz,%, @r) 1S GIVEN MOVE ELEGANTLY 


AS 
Pon t,b) = 4 | P(X, Ye, 22) dradndee 
ee cali ¥ (x0-%)5 + YY)" + (2,-20" 


by MAKING LITE cubes AYOUNd Erftch LITTLE FEGION of chavee 
The VESULTRANT Effect over AT POINT) ot cral be deTermiNed. With This 
INTEGYAL AT Witwd MANY INTETESTING Problems CAN be worked oul. 

Such AS DeTeYMINING The PoTeNTIAL from f SheeT of ch&tce. 


Of The PoTEVTA DVE To A chATGEen sPhere. But 
ot Phisics WE hAVve 


Mer is, 


Bunne The Teaching 
INvENTEd TICKS Such AS GAUSS' Theorem To 
hetP os fvoid Poin’ Ihe inTeorAl. This 


,| belreve Is A MISTAKE 
IN Our ElemewtArY courses 


ON ELECTYOMAONENSM: 


o] 


ref. Vol. IL Chap 
Fierd Due TA SPhericAl 
Chiveeé Distr) buTIN 


I'd LIK€ TO WOrK OVI sdoME SIMPLE ELEcMROSTRHTICS Problems , That Is, 
lwant TO work over SOME SPeciAL Problems IN which The Tear AL, 
Das ¥.,#) = ge) ete She ate dzz 
y ’ 


~ 4iio 
Y¥ (Xe-xy) OMe) t BeBe" 


Gives soMé INTECESTING FESYLTS. Remember we GAVE ANODThEer 
Expres si0N ‘for The Above ANd CALLEd IT GAUSS’ Theorem: 


fe-nda = Ses oy ak je d vot. 


€o 
Now we want To Find hb due T difterenr chare distributions. 


For The fun of it ets find The Porenrifil DYE To A SPhericAt 
ahArce distribuTion. Fist Ler’s Adopt A SIMPLIFYING NOTON: 


/ 
/ 
COD = CO%,¥,, 21) Vie = [Cxeexot aera wt eee? |" 
a) = ut ¢ P Ce) d Ve 
{iso Tis 


IT tS EASIET TO Work IN PoLAC CODrdINATES So welll Do IT. The INTEerfAL 
NOw KAS The form 


0 2NY* dr d (cose) 
@cR) = | fess suse 
Tn*+ R®- ZA Rose 
Where | SLIPPEd IN A LITLE GEoMerry ON YoU, hE, 


L 
fur = A*+RE-2UAR cOsd 
ANd | vsed The ideyntyY 
dcCwse) = sined® 


INTE CVANNG diceose) we have 


-\ : 
d x Where x a coy 9 
I = | qa Qe ArteR® 
ms Tae Ba b2-taR 
USIN’ The THbLES m “1 
Tz 4 farbx : = {rte ee -2ARX 
aaa Ne ZAR ~ 


I: eel. AU+RE+UAR = [roman | 
Le 5, | {atert-rar — {rt+rreear 


ey 
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Bor we hAVE The WYONG SIGN SINCE WE MARE A MISTAKE, 
if We Go bACK You VILL See d cose + SINEAD boT vAThe r 
dcose = - Amodeo. So we have 
ye L _ i 
B ron 1 rL+ri )r RI) 
Thus WE have so tir 


q 
Po tp n> I } =f n= 
or a Se 


Now ®&e have Two CASES we MUST CONSIdER, First When The 
HELd PonT 1S OOTSIde The LITLE Shell of chavee, ROA. IT Tis 
CASE Our INTE GAL SympPLIFKES To 


, ~ ynet dr 
Pon) = ants 


Bur The INTE GrAL 1S 


YeST The TOTAL chfttoe om The Shell. Then miractes 
of MITACLE Wwe Learn ThAT The PoTeNTAL oUTSIde f chAroed sphere 


behaves JvST LIKE A POT chATGE AT The CenwTER, Thus The 
€vectyic Fhetd IS) yusT Q 


7 4neoRt 
This miracle tS True Even it P= PCA), 


Now TO find The POTEWTAL INSide The Sheil 
Where YF >R LIN This cASE The INTEGrAL becomes 


A 2 
a iy otnT dr 
PCR) = ane, i, P — 


we hAVE The cASEe 


This TIME WE EAT UP The YR IN The wWTEOrAlL. Now The PorenTIAL 


IS NOLOMGEY CONSTANT bechuse IT Depends on Where You Are, ThAT 1S, 
AlL The ShelLS ouTSide of R Do Nort cxert f& force ON The INNET 


POINT ANd Therefore do NOT CONITTibuTE TO The fiecd, 


We chin now WYITe The combinNeD POTENTIAL AS 


det (5 esta (de ~ 2 5" anes dr 
alteR Jo Ato JR e 
SINCE The Glectric Field 15 Given by E=- TQ = -2%/3n swe 


CAN DeTermine The E- field 


R u 47 RE 
ga, ( div'dra@n 4 4 Rte _ 4 : 
quire © 0 o ane & een en 
c) Qinsidé 
For unitorm densiTY we coef 
€ poet yn Rr = Rpe 
INSide Re 4a 3 Ze» 


Since The force on A charee ‘S proportWNAL To ITS DisplacemenT, 
The chAyoe WILL OSCILLATE AT The PLASMA Frequency. A PLOT of 
The ClecTMIC held #5 ff function of DISTANCE Is The followmses 


oh 
Re 


OH R—-> 


FisS1ON And The fpmic Bomb 


Thére Ave A Number 
how To cALCULATE STATIC 
Atom «f You LIKE. We 


of Things we CAN deTermine once we uwdersTANd 


Fiecds, We could Find The rAdius of A bromine 
KNOw ThaT Uranium sPLITS 


Atoms. the Wucle; ATE LiTile sPLEres of charce deTermwed by The 
Amount of Ewerey LiberATed. | Want To POINT ovT ThAT The fmounT 
of ewerey Adi ATEd YurinG The Aiss (ton Process (8 No) E=met 
Ax we Ave t€ed To beELIEve. Given The rads of ANY ATOM 1S 
APProximATELY Y= Lixo 4’ cm fnd The Coulomb torces biadinG The 
ATOM, WE CAN Find The €tecTriC freid AS A funcTION of The radius. 


IT 1S more corrécT To SAY ThaT CovoLombh WAS The father of The ATomic 
bomb rATher Than EINSTEIN. MOST of The eneray IN AN ATOM 1S Pore 


ELECTYOSTANIC. )f You boyLT A bomb ANd GoT More Then €insTeral woutd 
Tete YOU how Moch More you will GET. 


INTO Tuso SeparATe 


Further iT 1S INcorrecT To SAY WAT MASS IS converted To ENETG Y, 
They fré one im The SAME. AS fw CKAMPLE ANY chemical Process 
such AS GASOLINE tborNiIN@ Does Nor ExPeNd MASS or EwETeY SINCE 
IT 15 TheorencAlLy PoSStbLe To cAPTore ULL The Products ot The combusnon 
And compare wiTh The MASS before Combustion. The —Difterence 1s Zero. 


As pw ASide IMighT Menon some of The Characteristic Problems 
of sPONTANEDLS ‘SSION, 1.& how To MAKE A SATE bomb So Pu Aren'T 
bLowm up by iT betere You Yerepse IT. When Two blobs of 
uvinium five POT MeEther , HssioN FESULTS, ThAT 1S, The urAnjum 
ATOM A'S SPLIT IN TO Two SmMALLEr ATOMS by high Enercy NEVTVONS 
which bombard The vrAwium AiemM, The mean tree Pith pt A 
NEUTYON 1S LAvee boT Mere 1s A Smale Probability of 
IT leRKING OUT Anid STAYING The refptcNON, Since The Uranium 
MUST be MAINTAINED AT AR Supercritncac TemPerAarere ( Abour 
Yoon AROVE crincAl TEMPEVATOTE) Tre Fissiom Process witt GET 
GOING, ONE WAY FO CONTAIN The freACcTNON (ST Sf0rronNd The 
MATEIAL With A LOT OCF INEerMA TO Absorb These Fast NEévTYONS. 
Ohen This 15 Just dead uritNilUM. But Since we MUST be IN A 
svupercritic AL STATE, Tne Ever Present bombard HENT of Cosme rAYS 
witl EVENTUALLY KicK otf fA NEvTTON ANd STAYT Tre rencntoNn 
Sothe bomb explodes belore You keer To The TAYGET. 


WhaT You have To Po IS PoT The Pieces vt UrAnium 
TOCETher FAST ENdUGh when YOU WHNT IT TD Go - boom. 
ON The HivoShinA this wAS DONE bY SCrewinc A GUN béfrrel 
UP AGAINST To tHemiSPheres of orANJUM. Then we CAN frre | 


ANoTner Uranium SluG beTween Them ANd NoT MISS The BE 
THYG ET. 
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Ref Vol IW ChAaPT Se 
Flux trom @ Volume 
Since | hAvE GeTIEN Permission TR TALK About ANYTHING ( / was 
fold You J@sT Meed AY EducAMON iT docsn'T ww MAITER WhAT You LéArn), 
[| war ™ Do Two Mines. First, | would LIKE tT TAKE The 
EQUANON Jenda »% Jedv Aud TuvN iF Into A ditferewnac 


EQUATION of The form VeE= &%, Iwill Prove A 


To Do This 
YELATION 


| Never wAnT You 7 forGeT, viz. 
En da- § WE av 
Sorttce VoLume 
Tis 15 PUCELY A MATWe MANCAL ProPosITON which 


oF ALL VECTORS, IT IS more imPorTRNT 


YEPrESENTS A Property 
WE frre Provinig rAiher than 


here TO UNdETSTANd WhaT !T 15 
how TO Prove ie THis 1S why 7t Also 


hATE MATRe MATICIANS ( AT The Beoinnine of The lecture “De. Feynman 
WHS ON A discourse & 


PplAINING & UhY he ThoochT Phi#LosoPhers WEE, 
IN €Sseuce, big wind bAGS). 


Our STAYING POINT IS our Idea 
1S 


/ 


of WhAr The Surtice INTEGrAL 
J EON d surface = Flux Throvch The Surtnce 
Now LerS Consider A New Problem 
Arbilrayy volume into Two 

The cur Gives vuS Two 
WE would 
he Two 


IN Which we divéde Some 
YEGIONS ( S€€ Ficere), 
Sub surtaces , Anid Qe Now 


Like TO CALCULATE The flux Throuch 
Sorfaces. | CAN Show ThAT The $tox Throoch 
The Surhace MAde BY The cuT 15 Ero. This IS because 


The NormaAts TO The CoT & Ave opposite for The Two 
Surfaces Q, ANd Aa, 


Tae NET contythuMom 15 Therefore Ero over 
ThiS Arew. IT 1S Perfectiy clear | Cfn divid€ The Votvme vp INTO 
SmALLEy And SMALLEr CUBES find IT WiLL Turn OvT Thal The Flux 
Throuse hh Rae 


cul 


Motome { 


votume & 


EQUALS The Sum Of The frox oot of The ifsy- 
BITSY Pieces 1 hAVEe cuT- 1 will IGNore Those tdi0T Shaped Volumes 
Around The €deGe bout You cfin Prové That They wow'T ChAwoe The 
VESULT, For Proof of The VEL ATION 


¥ flora, « § Te dv 
See The retevence (3-4). 


Since we have Shown E--V¢ The €gufmMon Vere = Leo 
CAN be Expressed IM Terms oF The PoTenriAL D AS 


Vio = C/£ 


where Yee = VV) = -(WeT)O = - VO 
And V*s 3 gt 


a. ¢ Se + 8 = LAPLACIAN Op erAToR 
ox ave att 
Thus The Laws of evecrrosTANCcS cAN bE vwritTTEN IN TEMS 
of The POISSON EQUATION 
Vid = - “, 
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I want To deverope A NUMbER of MATHEMATICAL TOOLS WHich 
we cAN APPLY To A 


Larce Number of Problems rerATed To charce 
digTribunmons, Herds, ANd The Whole biT. 


TauT before | 
There (tS ONE LITTLE Thine 


Go INTO ThaT 
| WANT T® do. 


LAST You recALL | Grave F POO The POTENTIAL pd Dye T. Some 
chtroe DISTribunon jihede, per) a { ect) dvz 
4néo Tie 
| went oN To SAY THAT ASSOQCIATEd WITh THis 
IS A DifFeresnAl EguANoNs, 


th. 26 
V p 7 eo 
Thar 18, PC AS ctuew bY The INTeEorAL formuLA 


IS The SOLUNON 
To This second Order differesmal EQUATION. Now | Would LIKE 
To PLUG D INTO The fQuAMON ANd See (Ff THiS 1S AN honesT 
CLAIM, (IN The ProcesS ( ENCOUNTEr Some difficutTIes IN The 
MATh So I'd LIKE TO Go Throvekh IT- 


PATTICuL AY POTE TAL 


H You witt LeT 


ME , I'LL ChinGE The form of the POTEMTIAL INTO 
The followine pu me J Pe) dV 


Nf V2 tar 


Mote if A=0, we hAve ovr oriGiINAL PoTenTIAl, So we ReALLY 
Should TAKE The LimiT ot The WTeGrAL AS 
To Bo 1S modity Ric 


A—>o. 
A LITTLE bit ftnd 


WhaT | wal 
( Coutd have chosen 


ee ee, el ( ices eo hi) Where a <0 
Rr Pear 
The PrOobLem | 


Am Avodine BY MAKING This ChanGéE Now has To 
Do with Dittrenmnc Wee. 


Tusice And EvALVANNG Gt The LimiTS. We 
GeT CYACY YesulTs LIKE INFomINES ANd Feroes. WELL 


CeETS S¥HT 
by TAKING $ AY, The firsT derjuatve of QD with vespecT 1% X, And 
Then bY SYMMEYY Add UP ovr PATS 


tN The ead. 
ag . j qb [- + gem a Bs 
TI  arS 
OX 4 € - Rye ta® 
TAKING The derivative of This 


ap = { ec dv te : 


[tant 
re) i 4i Eo Ri +0 


Simce we witt have The same form ot resuiT for fi Ad Bi, WE 
CAN SUM The PACTS TO GET 


Vo = ce) dVz | sm 3 + 3 a | 
= 3 
amze Lites? farsa’ 
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\c4#N PoT The BrftcKeTed Term OVET The co eee denominATor ANd 
wVriTée 
; vb = \ ecu - LSS = 
4N £0 ae 
Now if Q tg tero, The 


ITEQVAL P/so . 
The INTEoral 
Funcnow 


TIGEhT Side 1S ALSO ZETO bul Supposedly 
So we MusT hAVE MADE A MISTAKE IN CALCYLATING 
becfuse IT DOES NOT CONVErGE, Let's Look AT The 
INSIdé The BrACKET ANd SEE WhAT we hAVE 


IF Riv iS ANYTHING byt A very SMALL QUANTITY | 


Y Then The Bracket 
is A very Smale IN FINITES IMAL NYMbEr for Any Choice of a <<0. When 
Plic converoes 0 tETO ANA becomes 

Goes AS Yo} 


4EsS ThAN Qa iTSEcr The bracket 
ASSUME 


And The Intrecral PEAKS Like MAD. IN fra, if we 
The charce disTriburom 15 A SMDOTH FUNCTION OVEY DiSMNCcES ot 
Q& Then ovr powtT © CAN'T be tar Fyrom 1 ANd WE chr APPFOXIMATE The 
INTEGrAL AS 


vo a. C2 | dvs SQ oa 
ate) (aera) 


The foncnon | AM bEScribine would looK LIKE The SoLLowinG ES 
a* Me 
zu 5 - 
{rrttat 
' 
a 
five —? 
The INTECrAL IS Vere “UnusVAL, 
How ic 


VOLUME IS ProPorNowAl TO Q ANd The fonction Which Goesas Yas. So 
The VoLuMe INTEGrAL comes OT To Be Finire ANd, seecificAery 
IF We NormALIte, 


Whe 


IT Exist feALLY, ONLY OUT TO A FAdiVS & 
1S The INTEGr~AL. WELL WE «INTEGLrATE over A SPhere 


ushose 


ONE 
We MichT TrY YO BO The INTEGrAL bY LETTING Ar? 
~ 4 Rtdr 3aqr - 47 
° {rttat s 


re YOu miehKI recAle DerivANve oF 


ai % 
n3 | 3 2 24 = fe a 
— 3 A t Ca*+a?) eee 
{az +a? bet Sc 
Our YVESULT , ONCE DOING The INTEGrAL 15S 
2 =) eG 
V p &a 
Which 


The MehT ANS wer. 
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For Those of You Who ave hernrd of These Thines | AM TALKING 


AbouT , We CHtL These fumcNONS “DertTh FYNCNONS. IM Three DIMENSIONS 
we CAN EXPress Ts AS 3 
tL ss =4n 5 CRI=R 


/lir 
So This hits 


been A LITTLE MAThe MATICAL SYMMATY Which 18 ELementTAry 
touT WAT IS What we Are TEACHING. RichT % 


| have JUST shown you how 
TO fix vp THiS Problem so you 


DON'T GET INTO hoT WATER. ThaT hoT ; 
WwoaterlmMieht toa yemind You, comes from The DifticucT¥e tN EVALUATENG 
a aay 
ors + 34n \ when You have NO QA Ppresewr. Ar The limits of 0 And 
ay Sir 


00 You See There AYE Some Probtems. | LIKE TO Throw IN This EXTYA 
GEfv So J] CAN SCYEw DOWN fd GET Me 


FlohT RANSWwery, 
I'LL Give you 


A couvPLte CIMLE Theorems You CAN PracnSe on 
To SEE how wetl You under STAN ThIS. 
The EQUANON , 


Then 


SUPPOSE We hAVE TT SdtveE 
Vidp-mp=s 
i) 
mh 
: j Avie SCL) 
i 4Téo An 


This Probtem WAS The Sfme diScase AS The LAST ONE. For Those 
oF You Who Are Extreme Ambitious , Try Te solve 


V'QcR,t] " 4, a OD 


1} CumM The SOLUTNON 


S$ CR,t) 
ote 
A sotunon otf The Above EQUANON \S ri 
POR,t) = - ) dv SCR, 6°" 
7] 
GT E> Air 
TMS SoluTIOM IS MOT UNIQue but 


IT 1§ ONE SOLUTION. | WiLlt ASSUME 
These SoluTIOns When | Need Them And The LAST EQUANON is IMporTiyT fron 
A MeLATAVISNe POINT OF View. 


This haS been An Exercise to sansfy # Need tor ComPLEereNesS Nor TO 
LeATA. ANYTHING NEW. These cimee 


EQUATIOMS will come YP LATER AWd 
want You To ceT A teeL for Them Now. 


ref. Vor chapter 
ELECTROSTATIC ENERGY 
| WANT TD develope SomMETHING ELse NDW. AL handy GAdGET 
Lfw of ConseruANON of ENEroY. This Liw IS 
Ensley T CALCULATE ENErOIES TnrAnt Forces. 
Some formucns for 


8 


tS The 
hindy BecAuse iT 1s ofTew 


SO) WAwT TO DEVELOPE 
ELECTYOSTAT?e Eweroy. IT MUST he ApPreciATEd Thar 
When Yoo have This, fou hive ALL of ELEcTYOSTANCS, 


LeTS TAKE Some Arbitrary Shaped CchArce DiSTribuNON iN space 
which his some held QD AXsociATed 


wiTh IT. Awhy from The 
Chfroe distrikonoNn 


IS Some oTher POINT ChAroeE 4: This Charoe 
we will Move from POINT A TO POINT B ANA DUrine This MOTON 
frssuME | bOES NOT ACT bACK ON The disTribunoNn ex 


68 


WE MUST CALCULATE The work done 
from A TO ®. This 


ON The chAroe IN MOVING IT 
IS Given bY The 


INTE OrAL 
B 
Wi = He (Fxdx +Fydy + Fedz) 
The WWregrAl 18 CALCULATEd ALONG The PATA JOINING The PoINTS 
And here 1S PPOPOTNOMAL TO The PATH ChOSEN. This IMTEGIAL CAN 
ALso be writen for Thos€ Who LIKE yecTor ANALYSIS , as 
B — — 
Ww = Na Feds 
IN our cASE Fe gE 50 Thar we CAN write 
\w = 


qj Erds 


Sub STWNNG -V9 for € we have 


we -q | Weds 


Now we eed A Theorem 


From MAThemancs Which (S True IN 
GENGYAL THAT R= a 
‘- VP+dS = PB) - Grr) 
TAT 1S The =PATH INTEGrAL 1S Independent of The PAm And oNnLY 
dependS ON YOur STAYTING ftNd STOPPING POINTS. ONE WAY TO 
see This tS To hftve A PATH LIKE The fr2LlLlLowINe x! 
‘ eo 
q 8 4 é 
3 
3 2 
A 


a 
x 4 ‘ 
Since we hve AN vupndersTindine of INUAMN ANCE WE can roTATE 
The fxs so ThaT GETTING from A THR is INdeed iWderPenDaeuT of 
The PATR chosen. 
Thus when 


is AT Pomr A 


ITS ElecTIC ENEerayr 1S EQUAL TO 
cA). And The “work Done IN GETTING The charoe TO B IS The 
Ditference in ENEroY bERYGEN These POINTS 


W = oa 9B) - Heap) 
The ENEreY 18 SomewhAT Arbitrary in ThAT You Chin ChANGE The 
teto POINT bY AddiNG ff CONSTANT but We won't worrd AloovT This. 


| Want TO POINT ovT THAT Whenever The PATH (tS R- Closed 
Loop, The Work DONE IN cATYt ING The chfroc ATOUNd The Loup 
Is €E70, Therefore, in ELecTrOSTWATIC NO Work 1S DONE IN 
TTAVérS ING Such Ff PAtTh, 


o9 


The NEXT Thine wed LIKE TO KNOW IS Given fA ChAroe distribunon 
how Much Work Dip 


IT TAKE fo PUT 
The ChAYce Per vumiT voLtume 


(Ss JUST 
ENEYCY WS 


Gs 


IT ToCé her, 
ec” dV, 

5 Go) eo) dV 
Wrone! 


Suppose The chArce consiBSS oF Two PATCh dq, And 
dqa separated BY Some diISTANCE Ayr. 
Chfivee Erem ent du 


This tS child's PLAY, 
30 The ELecTrosTATIC 
RtGht$ 


The Gueérey AT 
1S Due To Two PATS 


d gz cru ey daz dpe 
4M So Jliz 


the Lime 


Rae =F] dg 
a 
4M Rie 3 


So WE Ger Twice AS Much AS WE ThovohT we would, 
This fesurtT AND smTE 


WE CAN Generali ze 


Q. Q, 
MutuAL ENCre? Betnocent’ POINT chArees = 


4M ie 
could Serve 


AS A RBARIS oF ELECTTOSMITIC AWd ALL oThEY 
sUbseQuenTuY derived. If There Are A LoT of Charoes 


THiS Theore mr 
force Lb AWS 


Aroumd, WE CAN EXPrESS The TOTAL eElectrosTATIC ENEroY ot The SYSTEM 
AS The SUM OF FLL The Pirs of Chitroes: 
UW = 2 ee 
PAWS ANE Ais 
When considering A 


CONTNOYVS chAVYce 
WE MUST 


pivide The INTEGrAL BY 


bistriboTOKM As we did Above 
The PAIS Twice j.€., 


42 TT AccouNT for INTeEGraANNe 
u: 4 ) Qc) pen dvi 


1} we subsntte for Gu) INTO This EQuaToN, we have 


os & }{ Pee) Pct) dvi dVe 
Z 
4Ns> Lie 
Lite beter The Double iInTecrANON here. dvi Cm be 
Around 44. And dg. AT A Lier MME ; LIKE Wise for de 


\WE cAnt See A 


) CAN RevoriTe The ElEecTYOSTANC ENeroy IN STILL AntoTherwAY 
THiS TIME USING The PoTenTinl. Remember YVP= - PLM 5 8d 
SY¥bsNTUTN G for pcr) 1MTO The Above EQuéANON Eo 


Os 4ee \(v">) od dv 


Now Verember ALSO The wUiTle diffeventn AL tdewnty 
V(pve) = vo: Vp + PVA 


So | CAN subsnTuTe for The LAST Term ON The VIGhT veguy - V9-¥9. 
Ds & f Vg: Va dv = \ Vevey ) dv. 
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BY GAUSS Theorem | CAN ChANGE The 
Surface INTEGYAL | 1.€., 


{ vilgvg) dv = | pup eN d Surfice 


Dvoppose ALL The charce 18 HNITE fd bounded by A very Lavoe 
recion. 1f we Let The sorface ExTENd Over ALL Space 
The Second INTEGYHAL TewdsS To ZErO SINCE 

VP x YrR* And Da YpR so the 
Mow iT 1S EOS? TR urite 
Electric fFfietd 


LAST INTEGrAL To A 


d Surface & n* 
INTE CYAN d Goes AS YA. 
oor FNAL YESULT 


IN TérmS oF The 
swee E=-V7Yy 
U = =) VO-vVy dv 
or 
D = zo ¥ 


SoS 3 5 z 
2 j Eee dv + « | JE| dv. 
These formulAS Are VALId for ELectrodYNAMICS And The LAST SormolA 
hr U ts 


correcT If WE yusST ftdd The mAGNENC ENEToeY . The other 
formulfAs for U im TermS of The SomMATON ANd The Two VOLUME 
INTESYALS ARE NOT XS Good. 


L NusT 


WhaT IS The €weroyY 


When You hive Pomr ChAvocs PréesenT ANd 
Just where 1S The eweroy. I'LL Deft WITh The first Quesnon frsT. 


LeTS Awd U for PowwtT chivoes usine The LAST EQuANON Wwe 
developed, 


- 


a a z 
a c= Q 4natdr 
Ure a \ 


MAKE SOME TEMATKS AlbouT Two PAyticuLfv’ QvesSTIONS: 


ea 
INTEGrATING BeroeEM ovr Limi4s 


tre. +  S uae Sp = 2 4\* 
ra 


Since E2 & 
,(4ngo) 24 


4 figs Re 


% C4tisy)* lo Bieo Yous 

The upper LimiT Gives us NO difticutry » The Lower LIMIT GIVES 
US INhMITE difficulTY, Wich IS wrone? Whar 15 d AT The 
Center of a charce distribute d over iTs surface, sA#¥ A baLL 
WELL, IT 15) Jost 


Q > aang 482 WE MOT chAwee oor Lower Lint 
TO Q The ritdivs INSToHd oF EErO 


x 4 


ye BT fo & 


> Ee 
a 


e 

ae 
AGT ES) 
Our dificult y 18 ThAT fl PONT chAroe SeemS To hve mAniTE 
ENETGY, RuT When We CALCULATE Ui AS The sum ot The Pars ot 
ChAVGS INTEYACTING The ANSWEr IS NOT INFINITE. ThiS tg AN Old 

Prokbiém To CLASSICAL PhysicS. JosT what 


13 The eweroyY of f& PowT 
Chatce “iKE fA evectrOoN!? One WAY To ftvoid The Problem is To bo 


RS we did Aud oml? THKE PITS buT Tas IS NOT A SOLUTION 
TO The Probiem. IT WAS Never reSorved bY CrMSsIcNe Physics. 


Tl 


One dAY QUANTUM Rech iNics Cfme ALONG ANd hope mm hich ThaT 
The Problem would be resolved, Bur Low anid behold 


PEerSisTed even with This New UNnderstindINnG 
of mMariter, Eves Todty There 
CharcesS AS PRINTS Whey IN The 


iIntanines S77 
of The dynamic 


iInTerAcTONW 
'S No. Theory 


Which Does NoT TE presen) 
CLASSICAL LIMIT, One ATTEMPT whyY mMaAd& 
TO EXPLAIN how AN ELECTYON Produces A force ON ITSELF but This 1s 
Tidiculous. if NATUVE Would PreseyT ug wiTR Two objects of equal 
MASS but one chAroed ANd The olTher NOT WE cOULd Mesure The Eeweros 
IN The Two ANd comPAte Them. Aud iw fect wArure whS KINd To US 

@ut Gave us The Proton ANd NeuTYow. The MensurAble forces , ececrvical 
ThaT 18, WEE SLIGHTLY DIMERENT, And the €LectVosmN( esr WAS Atso 
Slichtty difterewt, Tocether with The 

we MUST AccepT The fAcT ThaAT 
CAN'T have A QufApTum 


EtThe ~ The 


Posinue And NEviYAL Pi Meson 
charseS ACT ON MemSecvés YET we 
Theory P of PomwT PfrTcles, |r Aprpencs THAT 
Lfus of ELectrodyNAMICS TAILS AT ShorT distfwces or There 
frre SUCK TINGS AS NON- POINT ChAroes IN NATUCE, RiohT Now WE don'T 
Kuow Which igs richT. N@#tre beince What iT is , the SotuTorl 15 
ProhfblY IN A Third “DITECTON. Mitthe Some 


litle JErK 
UNIVErSITY Pits GOT IT fFLL 


IM SOME 
WrYKEd ovT AN We ATEN'T PAYING AN? 
ATTENNON TO him 
PRobLemM: Here IS A PEdLLEM YOU MiGhT Try To work ou. IT IS NOT 
very usehe bet 


TIS ENTETRINING! If @ sphere 15 EMPTY 


of ChAVGE Se Inside V'Y=0 Show ThaT Q AT The cenrer 15S 
The fAverAce value ot ON The suortrce. 


Where iS The Cwerey ¢ ey WORE Cha pre -2 


let's Go ON TO The SECONd QuesTION fd See If WE CAN ANSWeEr ITT. 
First, gust wWhAT Does IT MEAN ~ Where 


tS The €wero?. 
Char Ges 


If we hive po 
Thar Are Near eachother Awd 


could SOMehow TACK Them DOWN 
INSid€ Ar box, we would SAY There 1S ELECTYOSTANC ENErGy IN The box, 
Wellic — 17S Sort tf IN The box. Shoutdw'T we reHine This idea of 
EFNevoy So ir i A Lime MOTE PALITA DLE! SINCE Ewerey IS rePprEesenTed 
by JusT & MUMber maybe We can'T ANd The Ayswer by LooKING for 
A formutA PY Some why TOD EXPYESS Where IT 18 LocHItd. Sd The 
Whole ISSUE MIGhT Nor Het AMY THING AS You All hope, Bur there Are 
SOME Troubling PhENOMeWA Which WE MUST ConSider, 
As 


we have LEAYNEd from recATiviITY MASS Amid ENEVGY Are one 
IM The Sfme ThinG., Simce mass 1% The & Source of GVAVITY, IT 
MUST bE THE ThAT ENErGY 1S, LIKEWISE, The Source oF GrAMUTANONAL 
force, If we don'T KNOW Where The EWETO? 1S WE DON'T Kwow 
Where The MASS 1S, For This PhysicAl YEASON IT IS tm Pori¥ewT To SPecfy 
Where The eneroy 15 or ese AWY Theory of GrAVITRMOM WOULd 

be INCOMPLETE. 


ay 


LeT'S comSider ftNoTher Problem. Our iden ot of eweroy 1S The AbILITY 
Jo DO Work, But Bp work Where? OuT There * AWiy trom The chAroe, 


To clefr ThiS uP A LIME COWmSidey Our Wo ChAYoEe SYSTEM Which has 
AN ELECTYOSTATIC EWAOY ASSOCIATE with iT. As Another charee 1S 
Passed bY This S¥STEM,WE MUST Bo work T overcome The forces 
or enere? SuRROMdING The TWwd. So The Test chfrce 1S deflected. Now 
if Our 


1S OSCILLATING OF MovING or dane 


Doobl€ charce SYSTEM 
Some Thine SO tAsT TnAT The TEsT Chfvee Does NOT fTECEIVE A SIONAL 
fron The Two 


UNTIL A TIME A/o LATE, iT MUST NECESSATY vEeAcT 
rT 

To The ewero? AT The Nhe IT PASSES A PAYNcuULAY POINT. This 1s A Er? 

INTEVESDNG PYObLeM, 


BuT 10 Look for Some Sort of ANSWEC WE MUST cONSIder Twod 
Kinds of conServATION LAWS: 


OVEerALL or LOCAL CONSE VATION of everoy, 
LocAL CONSETUATION IS The ONLY KINd 


Which 1S conSISTEeWT voITh Our 
idens of TeLATIVITY; OVErALL IS NoT, The refson IS becAus€ SIMULTANEITY 


iS NoT de tinned. Consider by Avfloey CONSErvATION oF MATTET. Sop pose 
we have A PIECE OF ChALK %3 of Awinth lone IN one box And 
Another Precee 3 ot AY INCh IM ANOTher Rok. The TOTAL AmMDunT 
of chALK 18 ONE 8 INCh, 


A Gover who 15S 
At Sone vetociTY y wowld 


MOVING by The boxes 
See More ChALIK IN both boxes. We mus> 
SHY The chALK is comScrved LoALLY or eusE WE ATE IN TrOUbLE. 


Further  «r (8 ViTerly 


CONSEVVAMON of Ewerey 
Throv@ht The UNIVErSe IS ConsTiT. WE MUST hove KNOWLEdGE oF 

ONE YTEGION of SPAcE Where ChAnoeEes AVE TAKING PLACE And stuft 

(8 FlowIMe IN And oT oF CeGiONIS. WE MUST Lochre ENEreY Somewhere 
bur we CAN'T Do 1b with ELECTYOSTANICS ALONE, LATTE, we wilt ANd The 
formulms for AndiINo wT Where The ENE&GY IS And hdw IT Moves from 
Place TO PrAcE, 


USELESS TO SAY The 


pe 


The MINUS Cchfroe wilt 


PRoot of A CUTE Theorem 


Today |'d LIKE TO SffYT-OvUT bY SolvING ThaAT LIME Theorem | GAVE 
You LAST TIME, IT 1S cure Bur nor vay VSEtuc, 


| would tiKeE To US € The 
enerc? Theorems 


t have derivéd TO Show The AYErREE of The SurdAce 
POTENTIAL 1S The VALVE Of The POTENTNAL AI~ The ceTer of The SpherscAe 
Shect 


LETS INABING SOME Chace DisribuNON 
ovTSide The Shett (§ hold IT AT The PoRwNAL 


a 
@. INSid€ The Shell There Are NO® Charoes So 
V'd=0. Now Lers PuT Some smate prece ot 
chArce d 


In The Space Nearby ANd IF we 
MULTIPLY by The POTENTIAL 
Where d 


Give ~ 


V°d-0 
AT The POINT 
is , The iWTESerAaL of bd wrlt ‘ 


US The BNErert oF INTETACTION henweey 
dg id The Sphere fc, 
IS The PoTewTIAl AT 


cme 02 § hdp shee fi The 


Now We hAVE TWO CASES TO CONSider WheN CALCULATING This InTeovAL 

GQ). When dg ts outside of The Sphere The pore APPEArs 
To be AT The Cewrer of The sp here ,he, IT ACTS AS A POINT 
Charee So The INTEGrALl becomes 


U= Q P center 


(A). When insid€ The sphere There Appears YO be A uniform Surface 
distribunon of charee ANA The INTeESrAL comes our 
D= Q P avernes over surbiece 
Now 


iT would suffice To Show The INTETACNONS eNGroIEsS AYE The 
sAme fd MAT IS EASY 


TO DO. Fron pe ALL we SEE t& ATE PorwT 
Charces And The eueveyY 15s 


Ot! dV 
Which 1S EQUATE” S¢ ie 
TO The Above Two Eweralés fd Thus ALL Ave EQuAat. 


This 15 A vere? beauTiful Theorem ANd A Good HPPLICATION of The 
UsefulnwésS of The Ewerore Theorems, BuT As | have SHid 


| hve Never found aA USE for iT. So There {Ou Are, 


EQUILIBRIUM JIN AN ELECTrosmNc fied ref vou chapter 5 
You havé Atl The TOOLS f WOrK OUT # Number of Thins And 


YiGhT Mow i'd LIKE TO TALK About ChAroe Equilibrium. Suppos€ 
lhave Taree Posinve chArces praced AT The corners of 
AN EQUILATEYAL WIANGLE. AT The center oF The TNAwoeLE | PUT 
A N\INGS Chrree of EQUAL AMOUNT TO Eftch OF The POSITIVE ONES. 


be IN €Qvilibrium at THAT POINT buT 
IT \S Ant UNSTABLE ONE, Ant DISTUrbANCE From The POINT will 
cfuse The charoe TO MOVE further fw Ay 
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lb Me minus chAfoe IS AT The centrer of A POSITIVE TETTAhed TON, 
Tus Point 1S ALSO AN UNMSTADLE EQUILI driv. 1 The MINYS U5 dISPLACED, 
IT Senses @ TESTOTING force IN Tre BPirecMNON of ChAwee, BuT The 
Electric Fietd 1S NOT LIKE This, To See how IT LOOKS consider 
LOOKING DOWN ON The TetTrft hedron AS Shown on The viehT 
The biAcK MinuvS chATCE 1N The cewTer IS BhHOWN IN ITS 


Eguititotium positon Q, When disPLaAced TO PosiNon |, oe 
The Electric fietd 18 CADIALLY INWArd by Gauss! tt. 
Theorem ye =o. ThuS The force telT by The mmus / t oe 
Charge 1S OUTWATA Awe From The EQUILIBVIUM POSITION, ee: 
Thus Gruss! Theorem 1S VIOLATEd SIMCE There IS No ChATSE ATO. er “yf 


However, A Charced Praced INSIdE A UNI fOrNLY Pos ae ae 


Chareed bail WLLL be vestored hATMONICHLLY When 
DISPLACEd. ThiS we Showed before 


«s C4nom) = detd = P& 
Fones = (TUBE) Oe on ra 
—_——_Y 


Qinside R 


So ft chfree IS STAbLE IN A SPhere buT NOT IN EMPTN SPACE, 


ConiDucrors Ret. Varah Cnafer 
Now LET The chArces outside of The TesT chArce Be rioid, NE, 

They MAY YEeside IN A CoONducTOr. The MINYS ChAVOE will 
NOw tNduce A Charge IM The cONDUcTOr So The Posmue ChAT GES 
WILL YESPONd TO The TesT charoe. ThiS 1S NOT A STABLE CONdITION 
Either. 1$ You Hove The Minus chiToe up , You chitnce The fied, 
This FloctuaAtinge fierd choses A refcTion IN The CONdocror 
which ChAnoes The Chtroe distribuNonN There . Thus The Held aT 
The New POSMoM 1s DiffevenT Than (T WAS WiTh The TEST Chitree 


Ar The Cénter or EQuilLibrium Poston. You Just cAw'T hold TrAT 
Chatoe ELECTCOSTANICALLY STAbLE 


If The Charoes are ted ) AS we hAve IN The €LECTIOSTATIC CASE SO Ht, 
The ElecrrosTATe ENEreY, UL rises When You Move AWAY From The 
Equilibrium POINT. Bul WE Afoved ThiS was IMPossibLé for bixed 
char Ges find WE ins facT Move To Lowey U, This monon represevTS 
POSITWE WOTKDONE., So we hive AN UNSTARbLE Equilibrium CONd)/TION 
which could be MADE STABLE IF WE Moved The cChATGES DYNAMICALLY, 
THAT 15, DY SENSING *Nd COMPENSATING for The MOTION of The minus 
chavoe WE ConsTAVTLY MAINTTTIN EQuilLibrium. This 18 LIKE BALANCING 
A STICK ON Your fAnGer 


LET'S se€ how The charoes IMSide & cONducTOr MOVE, One WAY TO 
descnbe A Conductor 1¢ S(mMpLY IN TEerms of TIME, For fw IdERL CONducrOr 
The chArces hfe PLENTY of TIME To YESPONd to The HEld bEING APPLIEd. 
The Time period here IS ON The Order oF MiCrosecoNd. WIThIN ThAT 


period of NMME The Chirees redistribuTEe Themselves So THAT There 
is Zero Fietd INSIdE The conductoy, 


TS 


Suppose WE TUCN A_ piece of METAL ON bY bring A 


posinve 
charce clos€ To 


IT, The eLectroms witl be AtTracKed Towhrds 
The outside chArGe. BuT The €LecTTONS CAN'T GET be Yond Tne 
SuUcdAce So They PILE YP There, WE will RSSUM©G NO Tnermionic 


EMISSIOM or OTHE UNUSUAL PheNoMEeNA TOR Screw up our ThiNKINe. 


Rut This 18 The drNAmMics of électTYosTATICS, IT IS The suff You 
dow'tT have A feeling for when You havst Learned IT. The LACK of 
UNderSTANd ING TeRLITY 18 ONE of our GrEeAT EducAMONAL ACCOMPUSHMENTS, 
Bat Nature 1S move wonderful Than An ideAl CoNductor ANd 


Whar IS The pbBTENTIAL INSIDE The conductor? Sveppose we hive 
A couducror witich SuPpLIEs AN INFINITY Nember of ChATGES. Then we wilt bULT 


lip & chAtee So bic TAT The ElectWoN Which do drfhn of+ do NoT Chrnoe 
Tre Tora charce aT ALL. 


Just for fun LETS compuTe The Force beTWween two Moles of 
wArer | Kilometer APATT” Fo we drmn ott } MILLIONTH of The 
e S. 
Erer ers | Mote Hreo 2% FW6000 couotombs of EvectTric chAroe 


| PAvT IN IO® e@LlecTroNS TAKEN OUT” 


“ z 
ce = Qt = (96000x1I0% cout) x 9x17 NT. m* 
ATi £0 Ce ( {02m = CouL™ 


Force ~ 60 NEWTONS 


Which is A very LAaTee force So You Wwon'T hAvE much Soccess iN 
TWKING Those ELECTYONS Off Ir TAKES A hetLuvaA densiTY of electrons 
before The Electric fecd ts zero inside The conductor bur Once IT IS 


IT 18 Zero tor Good. Because TIS téerd imPLies There 


Is NO chrttee 
distrib UNION P 


insid€é 5 TS ts PCoVEN bY GAvss' Theorem. TZuT Mis 
1S A horrible PAVAdox To have A Portungl from Mo Chavees. 


Weil, AS You MAY ALrefdY KNOW There refily (SW'T & PhtyAdoXx AT~ ALL 
becAuse Atl The charGes Move To The Surfice ANd GET STUCK There. 
There is A PYObLEM Thoooh REecmuse There is No PLACE tor ALL The 
ELECTONS YriohT ON The Surface Since IT 1S BUMPY ON The ATOMIC Level. 
Jo The ELECTYONS Bo SIT There ; They Try To GeT AWAY ANd bALANCE The 
élecrric Heud. IT 1S This GETAWAY force ThaT deTermines The surface 


chiroe densiy. AT Tae Suctice Then witwin A few Anestroms of 
The ToP boundAry The chftree AccumULATEDS. 


RecfuSe E=o INSIdE The PoTeNMAL MUST be CONSTANT 
Throvehour The MATEAL. If we have The Porennfl Q) ar 
POINT P INSId€ The conducToY, WhAT 18 The porewTiAl 
ar Pt vusT ouTside€ The cOnducTor. To find The Poravnrt 
we muST deTerming The ( for A SheeT OF ChATOE. 


Wewitl disveorrd The surtice ShApe And Consider The 
Sheet INfwiTE IN ExTeuT AS Viewed from P|, 


\ 


~ 
\\\y\ WY 
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Usiue The “Diftarft ON The riGhT we CAN Find 
The PoTewTifit AT some Pant P A distance “2” 
fram The SheeT ot chAroé. The sheeT hats A 
UNIform charoe distribuNonw o& over The Surface. 
The inTEGYAL becomes 


E @ Bat etal @ s2mrdR cose 
4Tiko ra (R24 a*) 
ere ic Se 2*MRIRA where OSG « =~ 
AT 40 0 ie Reta) We {Re+ar 


UPON (NTEG CATING 


Lo) 
be tHad 2 =& 
Ee sf 4n& CRE Gt) . 2€o 


Now This IS The ELECTYIC Fretrd for a uniformly charced SheeT. In A 
Gniductor we have TWO SUCh SheeTS AT The SortAce. FurTher The 
eveoryic Heid 1S Due to ALL The FEST OF The Chfroes IN The coNducvor 
Nor JuST Those 1M The viCINITY OF The POINT P WE ATE INTEVESTEd 
IN. But The tietd AT PowT P and P' are The Sftme AS The 
Valve WE JUST CALCULATED becHuse ALL The oTher chAtces AE 
So tity RWAY AS COMPAYED with fA few ANOSTYOMS THAT The 
Differences iN The Two fields (5 NOT DEeTEecTHbLE. The NET 
field Produced GY ALL The Omer ChAroes 15, MITACLE oF 


MICAcleS, EXACTLY T/Eo. The TOTAL Feld JusT dvT Std © The 
Conductor is Thus A sum of Wd Helds 


boTh’ ConTribuN No 

Shio, 

Couside = ea ee om VA Coury 
INSiDe we see The fiéLd 1s Eero SINCE The TWO CONTTIboNONS ——a 
ATE IM OPPOSITE DITECTION, This IMPLIES The Be POTENTIAL DOES Veeo 
NoT VATY INSide The CoNduCTOT, The suctAce be comes Saath Ae az: 
EQUIPOTENTIAL Since E IS NOMAL TO The SuctAce, If E was ely /) -. Tre. 
NOT Nor MAL ELECTYONS would Flow Pad , ot Course, Tre don'T, cae 
The chAree ow The Surtfce stoshes Awd SLorps Around VAi 
uwWril IT Advusts iTSEeLf SO IT No Loatcer feels A force. 


The dYNAmics of THiS bALANCING PhenomenA is 


ver’ DifticuT 
To ANALYZE Awd we don'T 


understAaald Physicaicy how iT Works. 


Nature 1S FOLL of MeSTEeTIEs LIKE This, fwd ONE TAT PURTLES ME 
IS hous & Svrescope GorkS. | Guess aT 1s FeRLiP wot tee deftuculT 
yo tigure ovl if You TAKE Some TIME TO Do IT. And COnsiderine The 
GYroscope TAKES Some Time MWeeLt TO frovre odveT WhaT tt SS COiIng 
TODO | TRHinK WE MLGOhMT EXPLAIN IT, [NEernA IN The wheel hAS & 
dyvamyc YERCTION CAUSCNG TRE Wheel TO MeN AS IT FALLS. GrmviTy ACTS 
qo PULL The wheel dome down AfTer tov LET IT Go {THiS IS VETY PLEASING 
yOUS, buT fs iT FALLS The 4ricTion AT The con TACT POINT Cfruses 


the wheel fo WEN amd EVENTUALLY PEGESSES SMOOTHLY AMer IT 
SETMES DOWN. 
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tow Bo we SOLVE The Problem ot f Conductor charoeedD To A 
CEVTRAN POTENTIAL Vo? From outside The conductor we have The 
ComdiNON 


Vv" g = paar al QTSide 


+ Pon surtace cond vc Tor 
Vv ctor £ 
2 
KNow we Know 


outside buT we donor KNow The density of chavec 
ON The Surface. We CAN VEpLACe The 


UNKNOWN with ft CONSTYNT, The 
PORE NTNAL P=Vo DN The CONdUCTOr, There ATE MANY Problems which 
CAM be  APPrOxXIMATELY Solved VSING This BOuNdATY Condi TION TEhN IQUE 
But There fre 


COMPLICATIONS IN deTerMiINING The EXACT Chftroe distribundNn 
which MAKE (T OFTEN DitficulT TO find Q) UNLESS You ve have very 


SIMPLE Shaved CNdUCTrsS LIKE SPheres, PLATES, CYLINdETS ANd wires 
Hollow CONDUCTOR 


if we have A CONdUCTOr With A CAviTyY INSIdE, whAT ts The tiecd INSId € 
The cAvitT¥’ Around A 


ofussifm surfhce S The field mosT be zero 


So eEtTrey Mo ChArces fre myside § or There ATE €QVAL Positive And 
NesAnue charces PILED YP ON The 


CAvITY WALL. But if There “ere 
Chitvrees OM The mside wll | Thee wWwdUuld wo move fbovT 


UNTIL 
They Nevwft ted The MRELOES! Other wis € § 6: ds #0 And 
iT MuST be 26fo for ErecTvoSTAN CS 


Thus st#nc chArce DiStribdnonS 
Outside We cAvily cfhuvoT Produce A fied 


INSiId€e The cAvITY. This 
IS cHiled ELECTVOSTATIC Shi€tdine 


ELEctosTATC Shi€ldiwe cay be Achieved by A GRid Work of Charees 
LATA A ToTAL Ssurtace d ISTribuTion of o = Gab You 


far 
High) WANT To WoRK oo how Hi Awny from The 6rd ee Soe aie 
You hAvé 1 GET before The fetid 1s NO LONOHY VATYING 


ris Efs? To Show Thar ry 1S Nor very fir trom The a 
Grid, of wires Like Chrckew wife MAKES A Prey 
Good elécrrosmnc Shield. JUST ftbovT AS G00d AS 


A 60td PLATéed 
ALUMINUM ShetL vuSed Commonly TOdfty IN our flerospace IN dos Try. 

| offew fuse nT The StupidiTY of INdosT¥Y IN ITS hftrd- heAded ness 
When IT DOES Things ® LIKE \ JeST Shid 


\ first come Across This 
Phenomena f& Lome TIME AGO When A colletove of MPNE, A GeY 
Nimed Fox, SeT OuT from The Academic COMMUNITY TO Pursue 
Work In INduSTrY. He went To wor K for # comPtwyY Whack nfide 
Thermos ‘RoTTles, Fox's JOb whs TO Deston AA Gief#WNC Therrros 
boTTLE to survive The ENUIVONMEnT of AN frTICA. AS The worked 
OM The StrucTuré-heaT cChatracterisNc of bic boTTLéS, he Learned 


) 
by PUTING Cork PLUGS PeriodicALLY SPftced ftrouna The IN Side 
&+ The vacOum Chamber he Could Keep The 


AT The SAME THE PrevenT bAKAGE. 


So A Grid 


WGNTEnTS warn fied 


(N facT, he deTermmned The 
whole boTLe could be MAde ovt of corte Awd snLL MECT The 
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The reQuivemMenTS of The ExvivoumeNnTs, When he wexT To TELL The Compfwy’s 
Men RoEMeEnT WhAT he hid DScovered, he WAS IN formed Tey were sh 
IMTeresTed IM his (dea, They were 1N The Thermos boll lé busi ness | 


So Fox c#me back To The Academic COMMUNITY Ard LetT thd OSTYY 
To ITS MAdNEsS. 


The MeThod of IMAGES 


i'd LIKE TO TALK AbouT A helPfol LITLE TOOL for SOLVING SOME 
of The Probcems Tht Arise IN ElectrosTATic. The Problem ot 
ComPUNING The fleLd Due TO Chftfoce DiStTyt buNONS 1S SewErALLY QoiTe 
COMPLICATEd. However for A few sim PLE GEOMETTICAL Shfpes WE CAN 
repiace A whole Conductor by Some imfoiwary Chittce Q' AT A PAncUuLAT 


Locrnon IN Space ThAT MAKES The conductor sor tice AN €QuIPOTENNAL, 
Using Tris Téechmeueé MANY Weird Shaped Conductors hAvE been 


ANALeted Ad Their Field Given be SOME NICE MATVEMANCAL VELATION. 
WhAT The ovt Did WAS To Work The Probcem bBAcKWHrd bY Hrd ING 


AN Odd-bAll Shaped onducTy ThaT had A NICE IMAGE ChAYce 
YE pregsenT¥No M- 


As fn exfmpre of Ths idea Let's Sind The hetd Due T A POINT 


Charce Outside A spherical conductpr. Assume firsT The Surhce 
1S Grounided. 


The PoTeNnnnAL AT P trom % fd 9° iS 
ProWORTONAL TO 


( fur 
a t & ities 


IN facT This Qufwnty tS A ConSTANT 


aes 
for €ACh Sphere of #4 GIVEY LAd1U§ y 
» of 26 = 
Ar Jet 


KRNow for C=o where we have oroond The sortice 


= = 62.9" or " Sa Ze 
8 ii b ne d 
Since ® We ONLY KNOW &,b, ANd 
The QuANTITIES, So LET & be 


O IN The foeLlouine 


we have To find te IN Terms oF 
A +ac7or Yeranne 
YecitprocAl why 


b= a@ X= a/~@ 
Alone The radius % WE KNow 


b To GQ ANd XTO 


Qi 4 = 6 
HX Sa 
Which yieud ee eye dS 26 = a 
2 a ss 
Thus = 


Ar The surt Ace of The conducTOR we hAvVE A POTENTIAL Due TO The IMAGE 
chArce inside The Sphere AWd GIVEN bY 


Q 
Vsurtace = Aen Ce 
For A NEévVITAL sphere we KNOw Q's Q = &@q so we hfve AS A fEsULT, 
MITACLE oF MIT ACLE a = 
Ve be 
4fif_ b 


There 1S AN AMUSING ProbLeM fer The more AduANced iNUiduAl Where 
tniow INSTGHd A poInT chATGE Wwe 


h Ave Two spheres SAY ot EQvAL 
buT OpposiTE ChfrGe And VAdIVS, Whar 1s 
The fESULTING POTENTIAL 


IN The SPACE bETEXEEN 
The sphere ¢ 


WetL, To FIST frPP RX IMATION 
contider seghere |} is A POINT Charde A 
diSTANCE b from SPhere 
fFhove AGrUMENT WE CfIN 
Q% wnside #2. Bur Mow 


Yepresested by A ChAércEe 


Q' Adisrance %7_ from 
} MA GINES 


2. MEN USING The 
And @N iImAce chAreé 
LET Sphere L be 
Q AT The cENTeEr ftNd 
Tne cewrer, These Two Chaérces 


hAVE Two 


IN SPheve 1, Ad This Goes ON ANd ON WiITh R TApidlP 
CONVETGENG Sum of ChATGES. There 


IS ProbAbiy SOME Weird Ell PTIC 
Fonchon or SOMETHING THAT CEPrESeuTS This Sum, The TWO Sphere 


FUNCTION) buT WE hAven'T found iT YET. 


Con densers 


The Previous Problem conS|d GRéd Two SPheres SEPAVATEd bye 
Some dismance b. WE can ANd The PorewTiAL diftereuce bETWEEN The 
SPpheve find IT TUCNS OVT beING ProPporlNONAL To The Chfroe ON 


The Spheve, The CONSTANT OF PCOPOTNONSALITY , for TEASONS of IN SANITY, 
1S Ya where C iS CALLEd The CAPACITY SO WE hAve 


V=z=<¢Q oR Q= ¢cV 

The uniT of CRpACITY 1S CALLEd The firfAd And THis 'S Avery bie 
Number. MOST CondenSers ATE IN The rANGE ot Micro- Micro tAd To 
micli Arad. 


= 1 | tarad 


36n10” METER 


The cAPACITY of AN ObdEcT DEPENDS ON ITS GEoMETYY 
NeT 


ITS Physical LewGTh. lf we wave Two condensers of Some 
Weird ShApEe With A cApRCITANIcCe C= Ay And Shrink Them by 


Some factor K So Theva GeomeTric SHAPE 18 ONChANcEed, The 
CAPACITANCE IS UMChRWweEed. The Electrit fietd 


inCyvGase ber The 
SerAaraAnonm DiStTewce CEcreAses. 
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The CAPACITANCE bETwWEEN TWO PALALLEL PLATES 
our. 


is EASY TO wor 


The PoTENNNAL DIFErTENLE 18 The Work 
Per Unit ChATGE MeEeded To Cfrry A 
SMALL ChArce from PLATE TO PLATE, 


Veied4 
but Ex = AS we worked ovT 
° 
A While bACK 8&0 TWAT 
ote. 
ue ie Sa xe 
SIN ce 
@ecv 


we have for Tne CHP fcolTy of Two PAYALLEL PLATES 
Cz A 


— 


“Now TAS COmpueTANom IS 


NOT correcT because we hAve Neorected 
The Ena Effects shown IN The figure. As 1 YecAtc You cer A 
beTTer 


vALUE for The chHPpAciTy tf YOU AYN Ac ALLY EATEWd The PLATES 
f-disTance Sg of The SePfraTION DISTANCE,d. 


if You have More CONducTors 
ANA 


sfv¥ Three 46,5, The PoTewmAL Diff. 
CAPACITANCE becdtme hfvder To CompuTe, if we 
Pot 


A LilTlLE CcChAvroe 


dQ ON Kh ftid MeHSore Me 
New ChArEe oN ‘S Ad Then REVEYSING Tae Process 
by pur dQ on I find MEASUrinG K , {ou Chw GO ftfouwd : 


fu compuTe POTENTIAL Differences, beTwEEW The 
Various combinanons. Tre resurT 


iS A MATVIy Like + 
TEPresewTANON OF The Chrroes Qi, Qi, And Qs 


Q, = CuVe + Ciz Va + Cis V3 
Qrza= CisVa +Crr Ve + Cig V3 
A3= Cav, FCse Vi Heya Vy 


The ProcesS | JuST Decribed IS CALLED The veciProciTY Theorem 
fitd h&S Good MPPLICANON here. 


The Gweroy between condensers is deTermined be 

E-~x=vV = Jt 
de=vd@ = 1QdQ 

The €LecTwosSTAC EWerGcy Dye TO ALL ChHAVYOCES 1S) Then 


2c 
oR 


S| 


te}. Volt 
Two DIMENSIONAL field - method ot “DETEerMINATION t 
l woold 


Chap. 7 
Like To Go ON A 


Nd TrY © Find The +€td Due to OTher 
configurATions. AS ' have mewnoned before iT IS QuITE dithiculT, In 
GEnErAL, To find The Held Sur found 


ING Different Shaped obvecTS. 
Such Thinos AS CONES, POLYGONS , CANS Present pifficulT MAThe mATKAL 
SoLUNON S. 


There pre MANY PCObLEmS which INTEREST US 
ot Tre PhySicAl FILA 


IN Which The vaTiATIONS 
IN ONE direcTION Are tE&rd.- OFTEN The Shapes 
of The obsects Ore surfaces of TevOLUTION where There 15 NO # dbEPEnd - 
ENCE. IM Such CASeg Tre Problem Yeouces TO Ome of TWO DIMENSIONS, 
The solutions To These Priblems Tren Appehr IN & PAarncutAr MAThe - 
MATICAL form - FUNCTIONS of A comPLex VATIADLE. 

heT = XFL 


The comMPLEA vATL ABLE ot X And 9, 


we CAN Cx press 
ANY foncnoNn of > , Fc AS The follLowiNe 


$6y) = UU) + LVCX, ¥) 


Thus Ani tuncnow Chm be written AS The Sum of & CAL find comPLex Fun CTON. 
For x AMPLE 


Mig DSS SRT PE ESE 
Ute) = x*-t™ 

Vox, 7) = 2xt 

IT Looks LiKE $04) RAS derivATIVES for # Lor of FUNCNONS 

Such AS 3": According To The defiuinoN oF A derivATive 
i 46y+A3) - $3) 
Axo 43 

Bot ‘here 


OF hand 


d $3) 
43 

IS NO TEASON TO THINK The derivanve tS iNdépendquT of 

direcTion. For A Very SMALL CLASS of FuNCNONS The Above LimiT DOES 

Exist ANd we cALL These ANALYTIC FUNCTIONS. Suppose WE fist 

CON Sider Ay = AX 


Then The derivative becomes 


Uc +ax,¥) + Cvexrax,%) - Curiv) 2 W ye 
icin Mi MA OTA i 
Ax 
Now léeT A 


3= z Ay 
DEX ¥reayp) + CVEX, Y+eAy) -— Curd vy) 


s Bae 4 way 
o deh Oe. . 

AY c\ 87 7 
EQUAT\NG REAL And IMAGINATY PATTS We hAVE The Speci Al C OnIaITION 
Which MUST be SATshed by AWALYTIC TYNCTIONS 

ied > ov avo == au 

ax oY 3x oY 
These Are The Gfuchy-RicmAnn VECATIONS. Nore we hfve implied 
SOMETHING ELSE by Ths condiINDN IF we TRHKE Second deronmives 

za 
2U) ye SE eG 

Which IS JUST LIKE LAPLACES © QUATION, tor EMPTY SPACE wiih 
NO Z dependence, 
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So whaT You Do 1g hUNT frOUNd tor Some ANALY TIC FUNCTIONS 
ANd JosT hpw BO YOU DO TAT! 


TS ONE wAY 1S TRroveh Power Series 
EXPANSIONS of funcTioNS of 3 LIKE 
3 
e* = l+3 + y F Sa 
= l- a * z 2 
L+3 a *3 aS 
To Show These frre ANALYTIC LETS TAKE The second ONE 
oe bee > u = (+x -<yY 
mS | Ciexyt+ 
So Uexy) = EEX Greer eee 
City 2 Chts)-er® 
0s (+x gel SCl+R) SS ee Cl+xy> Pr 
ox Cityyt cm 1+XK renee ———— 
Xx x) +Y Lom ty] ® 
oi ae ~_ - Cheat. t™ 
a7 ee rye 4 "Gear me se 


roma eg 
So IT DoeS work. 
But whAT Problem hive we SveD? we hfve 1 Give A PhAYSHAL 
MeAnine TO The fyncnons Ulx,4) And VEX, 4) 


BoTh FunscNon)s ATE SOLUTIONS 
To LAPLACE'S EQUATION IN TwO- DIMENSIONS ; Thus etch fepresewTs A &@ Possible 
ELecTrosTANC POTENTIAL 


Suppose IN The frbove CASE LU (x, 7) + CONSTANT, 
The EQVATION it X = CONSTIAT rEepresenTs A—Faecy of circces 
Citx)+y* 
which 


COCTESPONA TO EQuIPOTENTIAL 
AT X=-1 So we have A SET 


Lines. There Exists A A =ECO 
UNIT ChArce trom AN 


oF EQuI POTENTIALS DeEscribine A 
infinite PLANE. 


GIVEN ne CONdvuctTor 


was 
IMPOSSIbLE TT hNd Tre 


ViRTVALLY 


YiGhT ANALYTIC 
funcnon So The USE OF comPLEx VANIAHLES 


US 
Nor ALL Thar PrAacticAlL. But There are A 
Number of AWNALYNC funcnoNs which Are 
INTEresTING ANd They corvesPowd To The 


¢ 
Fonknon f ov 
(3) = F 
were ais t hy ig he Sy. ere 
wher ftre The 


fu ncno ns Uand v for 


UWhAT Problem Are WE SOLVING. 


various choices ot KA tnd 

| mtekt PoinT o8T The foncnons 
UC¥,2) And Vex) form MUTALLY OrThoooN AL SETS of Lines 
cALL The Equanon * VC¥,Y) 


. lfwe 
CONSTANT The feud Lines, The 
UCy, %) = ANOTher CONSTANT CorvesPonds To The POTENTIAL LINES, Bul 


, Bul: 
The choice WAS Arbitrary Ad we cOuld hWfve inverted our Naming 
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a 


So LET'S STUDY The funcnoNn Fes) 3 » FiRsT well SwiTch TO 
PoLAR coOordiNATES Where >> wi = rei? Then 


fos) = rn“ e'%® = p%( Cosme +édmna) 


The Two foNCTIONS U And Vo fre NOw tuncnons of 2 ANID O 


uWire) = AX e@SKE 
V(A,0) = AX“ AmnxoO 


ASsSume V(A,0) corresponds Tw The POTENTIAL ftNd LET'S SONSIdDER 
Some SimPLE CASES; 


when @=0, we hftve V=D Every where. This 'S NOT TOO UN bEliEvAbLE 
Set .vcohken oO & we ALSO have V =D ANd This corresponds 
To A V- Shaped GYOOVE YUNNING ALONG ThE & AKIS. 
When = / The Groove IS FLAT fs d The PoyENTIAL 1S V=RSING=4 
And we have found Tre herd De To A FLAT PLATE, The PotenTiAL 
IS PRDParTTIONAL TO The 4 DiSTAwCE ANd The EvectTvic fi€lLd IS CONSTANT 


When c=2 we hftve Tre cASe of A TIGhT ANGLE. Then 


V= nt, The Electric fhetd 1S GIVEN bY Z 
@2 = ev =» AP a 5 pee 7/771 
——— — SHO =A 
90 fe 


be 
The Sueface chAvoe density ts ProPpornonAl To 2 for K=z 


AS The €dce GETS ShAC Per fNd ApproAcheB A Knife 
Edoe, K~> 42 ANd The surface sShArGE GOES AS Vin 
So we see The chArce ACCUMULATING vitpidly AS The radius 
Shvim KS down, 


For ouside comnerS K> Y3 ANd Then VX 2S ANG « ox 2-8 g 


OTher vAuwes Sor K CAN bE STdIed buT This 1S A TechnNigue 
Limited To TWo DIMENSIONS ANd Trerefore doesn't hfve much 
PractTuauiTy. But iT tw AN frmMusiNe LITTLE ToOOdL, 
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CAPACITANCE by The LeastENerey TECHN I Que 


We hAve bEEN TALKING fAbhovl CondenSers ANd Soluine various 


PROBLEMS YELATING TO The FiEldS Produced by The vVa@rious conticourAnNons. 


WE Noricéd THAT VAvi0ovs GEomETTICAL ShAped OBJECTS WErEe AASY Td 
ANALY EE. These included Such Thines AS ElUIPSOIDS Cylinders, Spheres 
4Nd oTher Surfaces of fevolLuUTION Suché 


AS Plirffbotic h¥PErboloiDS., 
Now if we KNow The Fieids fanm These basic Sharpes we CAN GET 
APPrOKIMATIONS For oTher More COMPLICATED ObvECTS. For INSTANCES (f we 
lér The Ellipsoip become A PrOLATE ElLIPSO1D IN The LimiT, WE GET 

A NEEDLE, If we LET The Exrlipsoio GrOw ODBLATE WE CAN APPrOKIMATE 
A Dis, 


So by Combinin® KNOWN fierds we fire ALE TO Find The frecds for 
More COMPLICATED oObuEcTS 


ld Like To DESCHIDE AT Echnicgl WAY TO GET The cAPACITANCE tor 
ANY ShAPEd ObJECT SUch As # CUbE IN A Sphere or A Cylinder in A 
SPhEré. MATHEMATICALLY There Are very Few Problems we CAN work 


OvT EXACTLY IN Térms of SUCh ThINGS AS lLEGEeNdre POLYNOMIALS, 
The SIMPLE ObvecTS Such AS A SPhEre INSIdE A SPhEtE fre eAaciy QUITE 
EASY To Work ouT. If The INNEr SPhere 


1S of radius “a” ANd The 
oTher of “b", Then The Pores riAlL 18 GIVEN bY 


= b b Q d 
v= = ie 
Me Edr ~ 4iser* 
or The CAPACITANGE between The Two Spheres 1§ 
Ge2eQ . 4 Ti fo 
i t 
Ja - fo 


Now FROMoOre = PoOuwEerfol Tec 


hniQue consider Any shftped conductor 
INSIdE The oTher conductor, Suppose we WANT To fiNd The ENETG? 
From some frbyivary POTENTIAL Y INSide The SYSTEM. This is Given 
bY The EQvanon 


€+=% ‘ (VW) "d vou 
This WVumMber varies with ANd we ONLY KNOW The PoTEUTIALS 
Vi ftnid Vi om The Surfaces. By SPecifyinG W ON The boundaryes 
To be A PArTicULAér VALUE Nimée.y Vv, =0 ANd Vz=V,we cAN 
APPLY A VEFY MICE TOOL TS socuinG The Problems, THAT 15, 
The IMTEGrAL for The Ealevey is LéASt for The right distri bunoN 
of chArges berweenl The Two 


CONdENSErs. THAT IS, The >IMibyTION MATUrE 
ASSUMES 1S LeasT IM ENEreY And SaATisties Wwe, 


Consider ThhT WE Do have A MINIMUM W and cAit it Q which makes 
E least, Let's vftry bY ADDING To IT 


ANOTher LITLE POTeExMAL My bey 
wy = Q+TN. We WANT To Show The first 6 


rdey Difference beTween 
Ewen) ftnd Ce is Zero Which iMPLLES ONLY Second order Tetms TemMAIn. 


Ccoen) = Se +t O 


Nn t Order A 
So we Plug (\NTO The INTECrAL ANd GET 
Ccarn) > €e i | vig + 2(09-Vn) + CVn) | dvor 
SINCE 


€ Ce dVoLt 
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The Térm weé fre 


INTETESTED IN US 


fo { LVg-Vn] d vor 


Mow Wwe WANT To 1SoLATE N from The GrAdienT oPerator fd we use 
The ffrcT ThAT 


— 


veCn vg ddver = [l7H> Fe) dvee + fy v@ dvee 
The tetr hftud Sid€ CAN be written IN TEMS of fA Sucthce INTECFAL AE, 
S Vee dvor > J F°N dsort 
j V-(nVY )dvou = 


\Wée CAN Now wmtTeée 


econ) =€9 = \n vg dvol - ) n(VY) oN dsurt + 2 


WE must NOW APPLY 
Where WE mde 


50 MAT, 


{nvp-n d suct 


Nd order 
Torn 
our boundary CondiTIONS ON The ELécTrOdES 
[=O ON The INSIdE Anid OyTSIde SONdUCTOr. IN 
ThiS CASE Tre Third TEM ON The riGhT tS Zero, WE Are CEFT With 
The condiTion T 
\ Thr Vig =0 


For The first Order variAnon To be tevo.for W= 0 ar inside 
And W=v dt The outside Surface. 


Rut we ALSo recALe 
ek u 
Cea z QV 

So 


we hAve A WAY To Guess The CAPACITY of These odd 6AM obyECTs. 
The ACCUrACY WE CET IS QuiTEe Good becAvsSe The Error is ONLY IN The 
SEecONd order. So 


if we hAve GP Within (09% WE WAve The cA#Paciry 
To within |%o. 


AS AN EXAMPLE WE MIGhT TAKE our Two sphere Problém And find 
The cApfhtimance for A STPAIGKT LING APFROKIMATION oF The PoTewTIAL, 
As A fivsr Trim PoTewNAL CoN Sider 


W=VEA-a) 
which sanshes 


cb-a $s 
The con di TION 5 te Y =o at r=a fanid Wev 
AT A2:=b. Then 


which cues (WY)? =v 
b-a 
The WwTEGVAL (5 


Ani d 
C b-a)”™ 
EASY " 
= €o 40 Cb3- 3 V a t 
Cb-c) 
or Gat aL b?-ai3l 
4 Tig 3¢6b-q)* 
Versus The True résurT 
Ctrve s a 
4 Tia ) Yb 
i+ h=2 ind G=] , Then NUMGICALLY WE have Crrue = 4 
which tS NOT Wo bfAd. If 


C ep 2..33 
l httd choseu A worse cASE 
where b=/00 And Az/ we are off Much worse 


CRG: = 2e % int 
This cASe The GrAdiéwT VATIES by 109 NOT AS A Cpe j.ot 
ConSTANT, 
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As "ou se€e bY The EXAMPLE, You CAN'T GO INTO The Problem TorALcp 
bLINd fNd IT TAKES some décvee of INTELLIGENCE To Chose A Good 
TEPFESENTATION For The PoTENTIAL. | mMighT TAKE ANOTher w To Show 
fou whaT | Mefty. This Time Let's ASSUME A PALAbOLIC POTENTIAL, 


WY = VL CA-a) + «cr-ay*] 
b (Ava) + KOA a)". 
Cb-a) +X%Cb-a)* 


This PoTeNMAL SANSFIES The BoUNdIVY CONdITION AT QA And b, 
viz, W=0 @ A=A ANd WeV @ Leb. For Simpuific Anon 
Ler K = ee So we CAN wrilTé 
Cb-a) +X Cb-a)* 

Ye KL Cr-ay+ ne Ca-ay)* ] 
The GrAdienT of W 1S Then 

Vy= K+ 2KR(A-a) 
Then a % 27 A= tKtca-a)” 

(i= Ceres aes ) 
The INTECCTAL TheN DECOMES 


es ex 
ia 


nan 


anridn [ I + {@KCR-aA) + 4a? (R-a)* | 
UPON INTEGTATING 
es 4cv" = fe K°4n [Cl-4aq +4c*at)(b3-a3) re 
Caw - B%G)Cb4-a4) + Gard’ 2] 
4 S 


PUTING K BACK in 


cy os Ci-2na)*Cb3-a3) + 4uci- Zaapl bat) y gato 
4Nifo [co-ayraCb-a)*] 3° a =e 
- Cc C= gaa) d3-03)/3 + BK C1 -2majcb*a%) +(Ys) x CbS-a5) 
—_ = nS sats Pe sa Se a ee eee 
oo Clb-a) +A Cb-a)*]* 
CoMSidér b=2 ANA ae=l Them our APPrOXIMATE CAPACITANCE 
AS &tUNCTON oF K IS 
= = z 
Cham w Ui eer We F BC MKS te Ee 
ANEo 


fF ita i” 
To) Haid The ene CAPACITANCE we MUM Re For RORY Bitrerenrinnele 


with vespecT TO ® MtNd SET EQUAL To EETO Then USE Thal Value 
for nin. 
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d Cap . eg 'Fs (1-2a) 2) + Ci-2u)IS -30K Ff 12475 | 
ae —  acitayL cr-20r) + ace-earls + a] 
oe nn a a eek ee 
Civad 
There fore 
a a 

Usa) [ ~ 28 Ci-2n) + is bon + Bi] = tL Sici-zal p 1See get pet] 
And ALL This Shovtd redyce TO A LINEAT EQUATION IN K% ANd, 
Perhars, IT 1S 

407A -129 =0 


30) «Th AT A= teh = «SIE 


409 
USING This & We GET for The CAPACITANCE 


Caroroy = $5.73 


4u Zo 
Which camPArTES wWITh 


Crrue = 2 
4 £o 
The APProx»ymATION IS MOT T00 Good Ss0 The rfTIo 9/9 must be oft. 


if « Tried To vse THiS TEeChNigue Sor tiNdING The cAPACITANCE 
for The Cube iW A SPhere | 1 would be hard Pressed To Come UP WITH 
The Answer. IT 1S Avert bttiUlT Problem becAUSE IT IS hftd To tind 
A fNCTON SATISSYING Our BOUNdATY condiTIONS. AS A Clever 1déA 
i mMichT wriT€ The @ ZQVATION for The Equi PoTewnAlS AS 


a So a a oe i Where nis EVEN 
if n=t we have The sortace of R SPhere, AS n Approaches inhwiTy? 
This approaches A CUbE. This ts BECAVSE The DOMINATING NOmber, 
or Me LATGEST X Yoc ze, IS ApproximATey A SO WE hfAVEe ACUbe. 
But \ cAN'T Go ON, 1 Sm Sorry, lfm dost Too dumb md / wish 
| hadn't BrovohT vp This dAMN Problew. 
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r4. voc DT chap. jo 
DIELECTRICS 


We NOw COME TO ANOTHER KIND of MATELIAL. This TIME The ChAree 
DePends ow The FIELd ACTING oN Them, So FAr we nave Discussed 
Conductors ftNd AT The OoTher ENd of The (mie iS The PerfecT Drerectac 
INSUCATOr ushich do€s Not SuPPOYT Chfrce MOTION. Since There 1S 


NOTHING LiKE A PerfecT SB-INSULATOF WE hAVE AN INTECMEdI ATE CLASS 
ot mMAWEer ANd Tris 


IS our dieLécrric MATEriAL. If The AppLIcd HeLd 
‘S NOT Too GreAT, The Amount of ChArce DISPUCEMENT IS PropornowAL 
TO The fietd APPLIEd. 


The IM 1s made OP of ELECTYONS ANd The NUCLEUS IN A SymmETnICAL 
MANINEr, When A field (|S APPLIGd AcroSS The ATOM The €ELECTTON 
cLOvd «tS DISTOFTED And The Noclevs 1S LiKewise OftSeT From ITS 
Orie@wAL POINT. The LocATION OF AN [ON OF CEYTAIN €qlEreY? ga 
IS GIVEN bY The DISTRI DOTION e bY kr 
For The NEGATIVE IONS WE have e +E RT 
distrbuNon SAnNSFIES PolSsonS EQUATION: 


-3Y +3 U/RT _ 7 
Bs le ee ae 


41+ © | 


ADM 
+ > NOCLEVS 
-= CemTer ELESTYON CLOUD 


j Tor The PosiNve IONS. 
The Tome Charoe 


The ELECTION 


TAKES fe COMPTISGd POSITION When Thea field 1S TurN&d 
ON becuse 


IT WANTS TO STAY bY The NuclLELS. The AMOUNT ot 
SEPPRTANON |S ProPOrnNoNAL To FIEld. We will ONLY DEAL wiTh 
THis SPECIAL LINGAT dieLECTTIC behguior, The TESOLTING ELEecTIC 

TroeerTY which The ATOM ExXnibirs is diPOLeAR, 


IN order To uNdér- 
smd Tay Bemer Lets fad The field Bue TO A Sinece PIPOLE: 
The fierd AT P US 
Pe > % - % 
Re R= 
ye e 
A+ >= A-dcoso 
Q= §% = % = §d sexe 
- dcosQ) Fi ne 
A(t aan | f 


The QVANTITY qd iS CAltLed be 


The DIPOLE MOMENT 
And “DENOTED bx P's 


IN vecTOrY NOTATION 
—_ > 

P> 4d 
ae. 

os oF 


3 


ot The ATOM 


So 
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Fo, A Lyme ot Die léecmic 


MATEIAL we \WAvE TO Add ALL These 
LITTLE BWipores , 


\F we hAwe YY ATOMS Fer UNIT VOLUME Then The TOTAL 
DIPOLE MOMENT Per UsiIT VoLuUmMeE 1S 


os —_ 
Y = nod 
Con Sidér the cASE Where 


eae 


We witl 


Now what field po we cer trom ALL These Dipores2 Ir 18 ToD 
Comet cATed TO Add upAtl The individual 4FietdS So WE GOTO fin 
eksier Technique where we deTEVrMING The FEguLTING ChfiTr6e 
DewSiTY¥. So Consider ABLOCK Of DIELEcTKiCc MATERIAL IN) AM ELEeCTrIC 
FieLd. \Nside The btock we have A LoT Of PLUS And mines 
ChareeS. WIth The field Applied 


The PLUS ANd mimuses do NOT 
cance ovT. The LITTLE Surface LAY EC 
of NEGATIVE 


ChHATGE BOES NOT LIE UsITRinW 
The mAreriay ANd This Surface LAYer 15 


= d = N > + AMOUNT A IPOLE 
o P gd2npPp 2 fount 
UN) dorm POLfiri EFFNON 
> e:n 
\WhaT WaAPPENS 


For 


UNIT voLUmEe 


when ®— v#rTies from PLACE To PLACE *% SuPpOSE 
we have SOME CONTINUOUS VATIATION. ThiS happENS when The E& CECTYONS 
Move Throvoh different distances ANd f# ChfrGe DEensiTY a IS 
ACCUMULATES. 


cers find Tne chavce IN And ovr of A 


LimTLe 
volume (Ax ° Acen) t -t Tt 
e dix) Area + @d (xran fren 11 Scxsg 
Charee int boTTom Chatoe ot TOP 
86ed) Ay Aree > 2x dvot \| 
3 x a % dcx) 
Thus 


Pdog i = 3 Fx 
PalATiZANON OK 
iN THEE “DimMewSions 


Prove e 
The Torat ftetd SATISFIES BA New PotlSSon’s CQuATION 
ve? < Pro T Pau nice charees 
&o 


AS fn added ThovehT Tre consTAw) of SecRenm ProporNnoNnaAl ity 
is A The ececwvic Svoscepn bitiry 


\ 
I 

| 

DV 


Pree 
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‘DIELECTRICS CONTINUED 


leT's Go bACK TO Out diSdussion Of DIELECTTICS And sSummATize 
WhaT We KNow AbouvT di ELEcTRICS.ANG ELECHVOSIATICS AS AWhoOLe. 
We hd @ fepresewN@ The Dipole MOMENT PeruNItT VoLUME of The 
MATeviAL find Proceeded TW Derive The YELITION:! 


-V> P = (7 Poe. 
where @ = ea é KX = SlEciVIC SUS cEepribiliTyY 
For ovr PréviovsS DISCUSSIONS ElEcTrosTANcS Cn be SUMMATIZED 
IN TWO EQUATIONS 
E--vg and Weer WK, 
Where e = TOTAL ChAYGE DiSTTIDOUTION DOE TO ALL SOUrcES Arid 


There fore 
C* Pro + (7 au other 


ea V2 = (? Pow T (2 aur omer 
Now we cAN cOMbmINE ThIS EQUATION with The first ONE TO Wire 
Ve (€o E +e) >= Pau ome rs 
Awd for historical reASONS we cALL €o Et@P The Displycemag 
VEC — — —_ 
haa 2 B= e& + 
And wé CAN wriTE: 

V°D = (7 Au Olher find E a CE or VXE =D 
if @ tS ewen by OF eoxG, we caw SubsnTure This 
INTO Our EQuvANON for BD fwd Add 

D= €oCitX)E = EG 
Where € = €olt tX) The pernimiuity of The DiecectTric 


AMD Then 


LET'S Work A Problem To Show pow TO vse These EQUATIONS. 
Consider fe SLA of BiececTVIC BETwEem NVO PLATES held AT A 


POTENTIAL: 
if WE LET W bE Tre PoTeyTAtl Difference pet eee 


Across The DiELEcTric, THEN The ELEcTric hetds €: Vw 
fre Given IN The figure: —~> , ew 
WE MusT CEQUITE The NOFMAL comPoNENT of € b 
BD preserved SO we MUST have = oe 
e WwW - Lda. = eee 
€o © ue 
or Wi = v 
é (% 
+6, CS) 


Fl 


Thus The EtEcmic held 15s civew by 


t 
E> ViwW =: v | i- F8,¢3) | a EV Ae 
La €o* bv — 
ta ae 
So os ev Sob 
€ 24 
eee 


To CALCULATE The CAPACITANCE between The PLATE 
C s € ArcA = € A et 
Vv € ta 
bCI T Ss Z) 


Now l CM diScuss This SAME Prdoblem Another WAP IN Which 
we Think ONLY IN Terms of G. SINE @= egxE ,we have 


Fs cox w - But we Also Know Tres P= ex, 
BY Grvss' Theorm 
Gor - Ein = FP oe 
€o 
eo eS oe 
ta b a 
or 
YE = Cite OS = EF w 
=. b €o pb 


Bul t must POINT OvT WE KNEW @ To be A LING FUNCTION of 
Tre Electric FIEld 4,6. P= GX E- WE could hAvEe # NON~LINGIT 
4 


GrELECTYIC or Some oTher fArrmcemautT Where The POblL&Em 
becomes much more bitficultT To SOLVE. 


Pe. 
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For some TwenTY errs. | Thisk 1 
SlaN dino 


ExisTeuce oF ANTI PAYTICLES. IN fact The 
PYECISE BEhAvIOr OF ANTIPATTICLES 1S KNOWN or derivable ANd iS 


Also Dedvce The 
CAN be (IN The SAME STRATE. 
A Local Theory. ("LL EXPLAIN WAAT ThIS MEANS 


SAY ThAT X NEANS THAT There EXIST Loch 


tef: Feynman Lectures 
CommENTS ON A NEW Theor? 


ON ASTrONOMy 


Four hours AGO | NOTICED SomeThine which hAS Puetlépd ME 


Mitt be ON The WAY TO UNdeEr- 
SOMETHING ftbhouT QUANTUM ELECTTODYPNAMICS CQ.E.D) TraT 
WAS NEVer before KNOwN. It 1S NOT reAlLy A fuwdAnavTAL LAW of 
Physics THAT 1 THINK | h&VE COME UP wiITR but rAThner A N Cw 
wh To UNdersTind A rAther DifficotT Theory. | hAven'T Done Much 
THINKING SINCE MY brawsTormM ThiS AFTEPNOON buT SINCE You WANT ME To 
Discuss Tne SumdecT A LITTLE-I WILL. BoT I'LL COME bACK NEexT WEEK 
ANd Tete You WhAT |! DID wrone becAvse iTS SO SIMPLE | CAN'T bELIEVe 
Someone ELSE HASN'T been Throveh The ArvoumeNT. 


Some Peop~e SAY iF YOU TAKE Qufitium Theory ANd rvecqtiviry 


And ROD T IT SOME ProPasITNON , CALL IT XX, which is A STATEM GUT 
Ot CAUSALITY ¢. The foTere ty onty AFFECTED by The PAST , The 


Ner result ot This SUMMATION |'(S The AbiLiTY TO Prove A whole 
LoT ot THINGS, CEenTrAL To The LIST of ProvAbe Thines If The 


Laws Predicrine The 


CALLED The TCP INVAYIANCE, This 


Timé-chAree - Parity rule SAYS, 
Q@uiTe& SimPcy : ThaT Ap PosiTroni 


AcTS JusT LIKE AN €ELEcTrON's 


MOTION IN A MOVIE TUNNING BACKWArd fitd viewed Mmrovuch 


A Mirror. 


IN AddiNOM To Province The eExISTewce of ANTI PArNCLES WE CAN 
EXCLUSION Principle Which SAY NO Two ELeEcTYONS 


Further You cHw prove Thar This is 
IN A few MINUTES. 


Now The Thing TAT BoThers ME IS Where The EXCLUSION 
PrinciPLEe comeS from. ThE con fustOn comes from The +acr Tnar 
NOONE IS EXPLICIT AS TO WhAT X YVEALLY MEANS. Some PEeopie 


OPETATORS Such AS 
Galt,X) And Po ct, X) which EXIST Ourside of The LiGhT Cone, 


TWAT 1S Toe SAY Two EVENTS o& find b OCCUrfiINe simuLTHNE0uSs Ly 
To AN ObsérvEY CANNOT Disturb EAch oTher ANd There fore IT 
IS POSSIHLE To MEASUrE QUANTITIES IN SMALL REGIONS ATOUNd the 
CvenT To AbsoluTe PLECISION. IN OfFher Words 
MusT Exist AT A POINT; They MusT be Wer maT PrN | ANd 
TweY must SATIStY The COmmuTBr reéeGfATION: 


o Per RTOs 


vf 
—~ a Q 
Qa lt, X.) Pole x.) — Pa lt, xX.) Pele, %) =0 


Now | don'T KNOW WhaAT Tus means Therefore | CAN'T 
UNdErSTANd f RASIC ASSUMPTION 
( KMNow 1S Trvé, Namely, MAT ANTIPATTICLES Bo EXIST. | have 
To STATE The ASSUMPTIONS IN A ferm Which | cftn ONdérsTANd 


Them 901 AT LEAST CONVINCE MYSELF AS TO The VALIDiTY of The 
AYGUM ENT. 
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Léfd ING TO A Conclusion Which 


P. 172 


Now | woud 


LiKE To Sv with JyvST QuAvTUm Theory ANd 
rELATIVITY ANd Then Prové The EXCLUSION PrincLrPLe MUST Fotlow, 
RBuT idon'T Think This CAN be dONE. The reRsON bEING The Sum 
ot The Probabilines OF ALL EVENTS hAppeniMG Must Add up To ONE, 
So far ThAT hAS NEver DEEN AONE WIThouT The AddiNon ot 
hrPoThesig X. It would be Trul? StenificAnT To Show ThAT The 
SUM Is Trvé Whil€ NOT SANSFYING crHtvsALITY, | THINK | have 
Come up with A SIWATION Which do€S JuST That. 


| hftve chosen # SYSTEM with ELECTYON Mid NO POSITTONS ; 
Which IS FELATIVISTICALLY INVATIAINT And NOT LOCAL. Now | Knyow 
This 1S NoT The wfty wfmre IS Bechue we Do hAve PHr Pro- 
duchon , BuT | WawT TO UNderstinid The Premise ANd TO Do ThaT 
\ MOST STudyY MY Theory TO See if | hve ANY 


INANCTELY DIVERGING 
ENErGHS or SOMEAhiING Scr@ybAtc 61 KE Thai. 


| have A world 
With JUST ELECTVONS fINd LiohT; from There | MvsT Work ovr wha}lr 


The work d would beuKke - how The ATOMS Would bE Midé Awd 
whftT Their SPeEcCMA Would beé. Perhaps 


So 


tL mosT Modify electrocdynfnycs 
PowN IN The ShorT TANGES (~ to '4 cm) Ushere curvewt Theory runs 
Afoul. Nexr w6ek VoL TELL YOU Wrere lL MAME MY MISMKE. 
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Theor’ Looks G&o0od 


| CAN C€POrT ThaT | Don'T have ANY Problems YET IN MY Theor? ThaT | 


TALK AbouvT LAST Time, | HAVE worked oul Whar MY corresPONGING 
ENErches Levers for The “HyDenGen” ATOM would be And Im owly off by 
AN AMOUNT ON The order of The Lamb Shift BoT The difference ts NoT 
A Lamb effect. | wanT To worl ovr SiMe PEerTUrbATION Problems TD 
Sée if | HAVE ANY WAVES beING GEwerATEd ThaT Are NON- CAUSAL. | hrtve 
found vitvés Goiwe bAcKWhrd IN TIME buT The? Ate dAmped ovT And | 
dos'T have A Problem with Them, Further | have found oor That 
MY NEw ObsJECTS CoML Them ErboNS) INTErACT WITh PhoTONs Witich IN 
TUrN CAN INTErACT wITR NOrMAL Trinos TIKE Rio PoSiTrons. [RuT @tbows 
Do VIOLATE CALSALITY . The Ei bon, so tar, Lives for Au ETETNITY And 
( have NOT “workéd ovT how They CAN bE CreATEd suddeucy. | ONE VEeACTION 
which MIGhT creaATE Tre Zibon 15 IN decay where The incadenT 
BY A MYSTIC MESON 
PAYRcLE or SOMETHING, Since WE KNow NOTHING AbouT This strance 
PAYNCLE TheN iT 1S A CANGIOATE For MY Theory. 

Nor MAL fa- decay 


y N Vv N 


CLECTYON ANd PrOTDON TD MOT HIT buT A Coupled 


Ziboy 


€ P 


Curr&iT-curréut COUPLING € Us 
Zibon courPLeinic 
VLE work SOME MOtEe ON IT DUYING The NExr week ANd LET YOu 
Know more AbovtT The Theorp NEXT Time 


BACK To DELEcTNCS 
ReTUrning Te The Hore CONVENTIONAL Em Topic of Prececrrics, I'd 


Like TO Work A Problem, Consider A BALL IN AE DIEeLecTvic wih A 
UNtform fileLd ACroSS IT, WE Would LIKE To Find 


£5, Aud P InSidée The diclectric SPhere. Te vO This 
(IMAGINE A PolArTItATION 3 
-?P: €0 X Ewnsid € 
WE ASSUME For SIMPLICITY Tree SPhere 1S UMNIformLy 
PolAriéted so The chArce distribuNon ON The Surtace 
iS Given bY The VErFNCAL comPoNEeNT of The POLATI ZATION | 
o- Pcose 
WhAT iS The fietd Due TO Such A chAvGE diSTriboTIoNn?! 
We CAN IMAGINE Two SPheres owe of Positive Chirce densil¥ 
fd The otrerof Neoanve charee density | Superinposed oN ONE 
ANother To wWiTan A DISTANCE A beTWeEN Their CENTETS, Remember for 
A uniformly distributed sphere , The PoTewNAL Inside Awd OuTSide fre 


GIVEN bY Jus (HP ( 2". 30%) 
3 415 _ z 
S4TEo Se 


+5 


OuTside of The DiPore is A POTENTIAL Given bY 
ot ( iN The @ direcnon 


The GradianT 


d 4 
p — oY = d are oe a 
Dipove PEs Ze 4 7 AP 
CuTSIde 2 fe [ ae \ (oe 
ANd, \ ; } dias 
Pinside = de = N =a 
3€o0 7 
Mote AT The SurtACe The Two Are EQUAL or CONTINUOUS 
= = ‘ Pr 
Since P= dp Disp = £ ae wheve @ = "i> 
Them The ElEecTrIC Fiecds fre mies by 
Ee = re] 4, - 3tYp_r 
3€o fh pe3 
E « & 
INsid €2 3€a 
So The torm ErecTric fierdsS Are 
Cimciout = Eo + dipole hecd 
E pm (NSid€e = En = Lug 
Séo 
Thus —¥ = — p 
r= 0X Enme inside = ex [ bo - = ( 
or P > €0X Ee : 
Citysx 
IN Terms Of Ejopay ) 
CrOTAL wy = a X Eo = 3 Eo = 3 Eo 
3t 
a Ra ore x ovX K+Zz 
Aiso = = 
(P 


ForceS With Dielectrics 


€o Bs ( 7t4z | 
sTrxX 


Tet. VoLiL Chapter iD 


Iris A fairly Gewerar fact ThaT A Combed rUbbed Trroveh yoor hair 
with pick UP SMALL 


Pieces ot PAPER, Now PAPEr Is AN INSULATOR And 


DOES NOT GET A ChAKGE, RuT The PAPEr WiLL AcQuIre A AIPOLE MoMeNT 


Due TT The POLATIZATION 
Since The 


Induce by The Electvic fiecd of The comb, 
AtrrfrcTine Charges Are Closer HAN The repElLLING ONES Chere 


IS A NET ATTYACTION. A dielectric obJecT IN A NONUMForm Fiecd 
feels A force Tward réCions of hicher Sfierd STFENGTH. For SMALL 
obJecTS The force Tuens OUT To be Propor>moNAL To. The Gradieni of 


The SQufAre ot The ELamic held 


Po Vie’ 
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Now i'd LIKE TO Show A WAY TO work problems LIKE This fr Non- 
UNI form ELECTIC fEids. WE CAN VYSE The ConservaTION of Guérey To Hhnsd 
The various forces of dievectTrics, Constder A PAraiier PLATE CAPACITOR 


WiTh # SLAB of diglecTriC Between iT; There witt be A force Driving 
Tre dievectvic furTher IN, | will 1enore 


end effects of The pieATES which IMPLIES 
d<<f, why will The Stab be PuLléd 
IN? The nechawism of ATTVYACTION IS Quite 


COMPLICATED bECHYSE IT INvOdLVEs end €ffeTs 
And its vithcurr TO Awd The fierds 
Frround Thesé €does. 


+++ tt t¢tHTt 


Lets cAlLeulATe The ELvectros™fic Guerery 
OF The spstem AS A TSNCTON OF X , The INSEYTEd DisrANcE. Since 


WE do have PATALLEL PLATE Condensers 


Quem. = Crerg V 


where C - Ke, Area 
dean. fe Cie WS t dieu ° hae 
The TOTAL ChArce Is 
Qrome 5 A 
Renecig Cc > €el (CX -x) fa Eo XKL lL = wid Th 
There fore Qt d = 
U's t om = U(x) 
‘No 
Mow Wwe Kelou Fx = -aV $9 WE MUST dittcrennare 
x 
a 
Pa eat eae. SS. 5 Ay* Se 
= as NSS ER = ox 
Mew 
oc Ss €ol + EoKL |_ CK~1) Go & 
ax d =a er 
50 F = 


U r 
=~ CK~1t) cor 
U “atcv* Aid dittercwrare 


becAuse pou ceT The wroNG SIGN ON The force. This hAppens because 
The 


bitrer’’ Sovrce Supply ine The vo.TAGe 
&S fage AS The 


Nore «tF 1s INCorrécT To write for 


1S POING WORK Twice 
forcedve Tm CléectvosTMc force. 


PATALLEL 
AM ANTEFESTNG Problem 15 whelher or NOT Two 


SPreereAL cond Ewyers 
would ATIVACT G4chOTner More When They AVE BET hor THAN Whew Coid. 
SuPPOsEe The Twd PLATES Are 


CONNECT Ed bY AN INdVCTANCE 
WHAT 13) The forcé oN The condenser 
fe. ote 2 gf ae 
€oA & ~ Goh 
where Cs oe 


ris 


a7 


Q” a 1 a 
zac 


ee See 
re aa z GoA 
‘ 
Now The ewtro? IN ANY harmonic OSCILLANON IN ONE deore€e IS Rr 
SO The McAN 5QuAVE EnGreP t§ JusT ThaT 
- AT 
Z 


The force 1S Then 


Poe by 


=e 
There fore the force (5 
fa AY 
2a 
So The force 1S PropornonAl To The TEmPErATUrE And we Would 
€xrecT holler gbvects TO ATT ACT sTrONGeEr, 
If The oscile ATOR 1S OPErATING wT treQuewcy WwW Then More correcTtY 


\ Shoutd wriTé& 
ean hy Kw 
rt ] ee” ake 


’ e NT 
o TnAT : , l fies Pi Rhu 
When Rt 1s Much Greater Than Rw , The obvecTs frre So hor- That 
Fs mw t Rw 7 > RT 15 ff Good APPFOK IMATION. 
2Q +hAw _ 5 
(1 a i) Za 


Temperature The Qufwrum MEchANICAL DIPOLE flucwATIONS 


But AT t€ro 
STILL Produces A force of ATTYACTION 


Fae hW 
1& 
which tS the @€ro PoiwT mMonon 
We CAN ALSO CSTIMATE The force bernvcen To SMAll obvecTS AS A 
fonction OF The vii AL DisTANCE, The ewerey eS. ge PRro4 
of This SIMPLE DIPOLE IS = S) R 
=-@-°& P~ Mp3 


Wid The force Given bY 
F- VU = - e: VE = + ep? 


4 
F = os Where P* 16 The MOEN SQUATE MOMEéuT of The 
R S?sTem Which is A CONSTANT ChAvACTEeris Te oF 
The various MOLECULES 
This (3, im fact, Tne vawder VARL INTEYACTION force. IN This Discussion 
we hAve ASSYMEd R Time of 
€< fiwcreanion of Osciclator So The 


Fietds ATE NOT OiSToOrred, 
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vet. vow. Chap. 1% 
INSIDE “DIELECTRICS 


| would MOW LIKE 7 DISCUSS WhAT Goes ON INSid€ DiececTrics. First 
| WANT To CONSider The SIMPLEST CASE Aud ThaT (S A mMONATOMIC GAS. For 
A GAS The density of ATOMS 1S VErY SLIGHT So When AN ECLECTIC Fi €ld 
IS PLACED ACross The GAS The VATIAMIONS (N Efch LITLE DIPOLE TS ALSO 
very SMALL. Thos The ettecTs of OWE DIPOLE ON AWOThEY AYE UNIMporTANT 
for our case. The dipores resoiT when The Electric €ieed aA isTOrTs The 
Atomic. ChArGe DiSTribuTION AS We hive DIScuSSEd PreviouvSLY. The 1 Nducéd 
DiPoLe MOMEWT (S CALLEd ELECTTONIC Pol ATLZ ANION. 


Becnuse The diPores Do NOT INTEACT The Ff1€Ud AT Each ATDM IS 
Gives by The AverAee vatue ot The fPpured ELEcT ric Field 


Ear ftom = Enve 
if we Suppose The ATOMS hrtve The property ThaT The POLATIE RATION 
15 ProPorNONAL T The APPLIEd Field, LE, 


P = K€o Ear arom 

where pis The dipole Moment Per ATM And & depédds on 

The cCrAP GoING@ ON inside The ATOM, [Tus cALcEed The PolATIZAbILITR 
Thys we SEE ~ = 
Pp =a Eo E ave 
\f There Are N ftoms per cobiccenrmepeR » ThE TRTAL POLAT: SATION 
of The GAS 15 — —_ 
P= Np = NKé> Envanm = NX €o E five 
RecAlt from eartier Lectures = 

P= X€o Eve 


X= Nw 


K-| = NX > Ke lene 
where K IS The DIELECTYIC CONSTANT for The GAS. 


so we have 


or 


How much ts «% I'd Like TO MAKE A crude cAlcuAnon were | 
derive of. ACTUALLY The CALCVLANON (8 QuiTEe difficucT Since iT Ues 
IN QuAwVM MechAnics ANd We dow'T KNow tw of ThAT SUbdecT YET. 
Lt vreatind you of The CLASSICAL model OF Tne ATOM IN Which 
we cCONSIder IT AS A Simpre one deGree hArmonic SSCILLATOR, The 
EQUATIIN? OF MOTION 15 GtuEew by: 

éoM da, 1 f ™ Wo” x = Fear a Se E 
Wo 18 The YESONANT treguency of The Atom where The ATOM Absorbs 
IN the D.C. CASE The pisplacemMenT IS GIVEN by 


ee ae, 
m &)o 
Since we have defined the dipole mopnent of fy ATOM AS 
P= FexX 
m Wo 


we have AN ESTIMATE of BX Then 


A= ge 
MW, E> 
Now (N Our world we hAve SeverAL sysTEmMS of UNITS, I'LL USE A NEw 
detimi NON Which you wow'T believe boT 1'CL Ler The chAroce om 
FAN ELECWON HE ge IN CouLomb Such ThaT | cttw detine A Pore 
Number which i'Ce cacc e* 
i Ass 
€ = Be 
4i €0 
Bye defimiriod | AM IN Tre MKS bUT CAD NOW Ef5idy cOMVEerr TO 
MKS bY USING Thes NYUMbEeY Ct Thus lCAW wrITE for & 
a= Ame* 
™ Wo 
To see tf The dieLecTyiC CONSTANT IS AbouT riohT Peet re 
A h¥dvoGth ADM With AN IONITATON ClvEN by 
U~ ¢™met 
No b \ nav an 
w remMenber € Chosen To VEPrESENT The Whore hydrocey 
sPecwh by A singre frequency Tr 
+ Oh Sod e€ FPP roximAtiow 1S Very 
Crudé, | can write Tren 


4 
Rwo = t — > Ryd bere CONSTANT 
or 

8 med 
Wee + ae 
SUbSTINTING INTO & 


cave [a }’ 


me” 
rAdius 380 Awaucry 


u 
Bur ae 2 @StGA A Bohy 


# > /677 A»? 
Which Is INCIdeNTALLY Just AbouT The Volume of AN ATOM. 
To find K we KNOW AT STA Ard pressures 


N= 2.6 0 'TATM/cm3 
Then ie ders 


K = [+ 02-69x00%) x €0.528x10°8) “r= L. O00z0 


The ExPénmesy vatue for K 1S 1.000726 SO The Theory 15 AbouT 
TiGht- 


Polar Movecures 


AnoTher Kind of GAS HAS A diELEcWiC CONSTRANT Which IS 


different 
TWAan Tre ONE CALCULATED, The moi EcuLles 


hive # PéermAneyT AiPOLE MOMGoT 
Like HC, or HO, When wo Heid 1S ON, The diPoces Are Tidom ly 
civected, When The fied IS ON The dipores 


ToOWd TO orien TATE 
TnemseLves ALONG Tre freid. 


The eweroy oft Tre dipore 15 


U+- pe 
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Alone The $1etd LINe€S we hAvE 


U = - po& cose 
Uis Minimum when Pe  ftlone E. The Pro babiuity 
ot VAYIOUS OrieNTATIONS IS 6IYGY AS PropornoNAL TO en 


The MINOS SAYS 


Ul Rt t+Po Erase,» 
ey i 
The Mean diroLre MOmMEenT (5 Then ec 
— ie i a Sy a ee 
P= ne Po OSE e dcos6 


2 a e ME wselh+ 


= 
Vor norma TéemPerATures And ficid Tre ExponéwT IS § 
APPT om ATE 


Po Ewosa 
e Y ber 


d cose 
MALL SO we 
an es AT 

eprz J Po case (1 tT Pe Ecos) d cose 
Bas. 


A: 
The D&NOMINATOT baNG AbouT ONE 


INTESTATING we GET 


75 
<p> = PE 
3AT 
$9 WE KNOW 
he Por 
we owe 
OF IN ANOThe ? 
m mw " « — N Po~ 
The BlOGer The 31 €0 


se MOMENT Tre bicooe- The force T ALIGN it. AT hicher 
Temper fAtures There tS More MiS#lLiGNMG NT So Kk MUST bE broce+. 


Hieher dewsity dievectrics, 
LiQuidS Ad SOLiDds 


LL GO ON To TALK AbBOVT MOre dense dietectvicS buT I'd LIKE 

To Do WF ON A hISTOrICHL PASCS, WE WAYT TO KNOW WhAT The 
PorareAbiuty OF A CrYSTAL. The dipole Moments Per 6 % % 
ATOM (tS STILL GIVEN bY in 

P= K€o Ear atom 0 °O.0' 0 
buT E ar Atom NO LONGEr EQUALS Enve beEcAVSE cAch oOo 0 0 
dipote Now AHEeETS The omer 50 we hve f TEethwichL 
Probtem of how % Find Enz pi. To MAKE THiS CALCULATION 
LOFENTE PrOPosed fA very eloquent ANd ACUYATE Technique, HE 
Proposed TO CGONSIder The ATOM IN QUESTION TO bE IN fw hOLE 
Which CAN be THKE OUT OF The rest of The dieLectric which 


IS cCONsSideved A COMNTINYYM. IT TUYNS OUT The ProbLem depends 
ON The SHAPE of The hove. 


/O0/ 


If we havé A LONG Thin SLoT, The +!€id 
INSIdE MOST JuST chnceL ouT The exTernac fied 


E Va 
Since VxE=0 ao ‘Zo 
Eo a y), 


For A slot PerpenDicutAy 1D The FteEtLd we cAM USE 
CAyss' Litw TO find a = 
Eo: 6+ or € & =D, =D 
Eo 
Now LeT'S conSidéy A sphevical hove. The bare is umiformry POLATIEEA 
pnd (f we consider The charce 1S froten \N WE CAN wriTe 


GC? Etste? Cpive by SYPErPOSITON 
where Enoe is The tieid IWSide The hole And Epivg INSIAE 
A Sphere. WE hive work ovT The sphere before And iT iS dust 


Frus = a és 
Cet S £f P 


a 3€o 
(POLE MlomGur tS 


P- Na €o | Eave + Keo | 
€o & 


So 


Therefore The 


or 


=I 
i] 
ra 
- 


38 
or 
K- | > N& - ClAvstus -Mosotti 2 QuATIOM 


»| 


More 1F N& 1S SMALL AS for A CAS, WE GET our old EQUATION 


K= lt Na, For A Liguid N& IS ON The order of UNITY NoT 3. 
TWis MEANS WE CAN PACK ATOMS ONLY So close before repulSiON GETS Toobis. 


The flbove CALCULATION works tor A SOLLD CrKYSTHL AS WELL, 
IT tS JUST A SPECIAL CASE Where We SUM The dipole EHECTS TR 
GeT The Sfime ANSweEr. Consider ft Cvbic CrySTAL INSIdé A bie 
sPhere wiTh 80mME Eo. the fAVErAGE Filéid INSide US 


Gave = Eo - Fe, = 
BuT Eo '5 NOT The comPLEere Fi€id INSIdE, WE EF 1 $88 
mvsT Sum The dipoie Fi€ids. IT witl wre oul fa? x 
Mhoveh This sumis “eEr0 

Eo 


i] #3 — 
Eo = Go 7 5. fi€id From Au = 


Consider The tcomPONENT ONLY eens 


Eos yPr . P CA*=34Y 


WNeoAs ~ ; 
ee The function of A 13 AN ANoUL Ay Pnchont GCIivent 
oe Fad '- 3cost@). 
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WE cAM See trom ThiS FuncNon when © =0 
The hetd Goes AS P/,3. Aud when 6 Tz 


The #ieid Goes A - Pfns, The net Fieid DuEw 
The SuUpErPOSINON (5 2eva. 


There tors , Wwe conclude for A crysTAL 


Gapny > Ene t "he, 


DiELecTriC With VATYING PoLArTIZATION 
Suppos€ we have vw dieLlecTric 


wiTh f#& Polmrit Amon 
Which 


Is NO LONGEr UNIform. WE Nave Then AT ATOM 
QA SOME gipol€ MOMENT Qa ANd AT b WEhAVE Pb. 
ik we WANT The Hhétd AT a The Problem IS more COMPLICA Ted 


a b 
We musT CONsider The EfFEcT Ot The VATYING Potovi canons g ° 
OM ¢ithoTwey ANd cAaN do So AS FOLLOWS: 


Enra = Vaa Pa + VWab Po 
Earb = 


mI 


+ Enve t "Re, 
ba Pa + ¥ob Pe © Enve t Pies 

the ¥'s verresenT dipole sums and for A Sphere They are Al tEro. 
ThuS we can find The individuar diPoce rromenTs 


Pa =a GoE ata 5 Po = Xp €o Eat b 
And The TAL PO MOMENT 15S 


P= NaPa tT Nb Pb 


As fF More ©ENEVAL CASE TRE Tem DIPOLE MOMENT cAN be 
ExprésSéd iN TErmS of The Tevsor 


vey And The local fverAce 
fieud Abour The ATOM, Thar 1s, 


P = tej E ave. LOCALLY 
THi8S €QUATION ToCGETher With 
And bs E ave > VP + Pear 
Vx Ene 70 
déscripnes ALL of 


ELecsro dy NAmics AND 1S A ELEGANTLY SIMPLE STATEMENT. 
IT 15 INTEvesSTEN G@ TO Show ThAT The dipore TenSor do€) NOT depend 
ON The shApe of The dietécrric IN The pro btem. 

I'LL consider some reat odd s hnpe conficur ANON vhavig ke 
The plares fre chftrced Produting SOME POLAR TATION ‘a 
INSIDE APS WELL AS Some Average FIELd. Consider + 
P To be frotén iN AtTE The Field is Torwed ON: 


cae 2 + - 
lL T¥Y TO find The +F1€Ld AT ATOM QA IN The 
FolLLowiNe MAwner. | hope | AM NOT MISSING ANYTHING, 
For precisiON 'LL Bo IT IN SEVETAL STEPS, 


/03 gm as 


The field AT ftom a DOES NOT DEPEND ON The microscopic POLATIt ANON 


P Werttoed Around A. Fod Fara means wl hfve reaucy SOLVEd 

The SMooThe d ouT Dipole POlLATIZATION And SUbTrACTEed the concerrated 
POLYMIZ ATION, That 13, WE Know E for A untform PolArIZTAMNION. 

To find E AT ATOM Gq due ALL The other oddly potanted ATOMS 
WE Do The FALLOW ING Thing. TAKE OvT The FOLATLERTION IN A CELL 
AbouT 39 ATomic di tmerers wide, Then The followine felds Are duPEr - 
IM PASE d | 


Emve which iy produced bY mh 


€ SmoOTh POLATIZATION find 
© XTevwaAr ChHAYOES 


E ataton Produced by Smoot POL 
CThig is WrAvd To do! 


ar ftom due TO SOOO ROR EARON ALL DIPOLES t ExT. ChAroes 


AVITATION WITR The CELE KupPTY 


— t 


€ 


WE CAN coriTe 


E" = Enve + E (due dipoles ~ AVE WT Smoon, ) 
the di Herewce ts WhAT We Are After ANd It 'S The difference lLocaucp 
which dePends oN Terms 1) KE Taq Py T Tea Py Te, Bur Dis Son 
IS eAPIALY CONVEroING Tt A dehwiTe Vitus. This 18 True because 
The Diroce feld fais off AS “Rs, IF I CONSider Faye CONTINUOUS 
Over A CELL OF 30 ATonIC cifmeter, The dipoce CNTEACNONS vst 
Fatt of F eidty win, DISTENCE. MAT IS, Tre dun ONVEroes SO 


fasT The Local Fiecd DOESN'T KNOW ITS IN AN 'Yréoular shaped 
dievectric. And That's iT, 
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ve}. VOLT 
ELECTRODYNAMICS IN RELATIVISTIC NOTATION Chapt. AS 


1 Think (2l Go ON TO The subvecT of ELECTYONYNAMICS ANd GET 
Awa? Tom ELECTYOSTATICS Which has eccuPpiéd ovr Time for Quite 


A WhiLE, USUALLY When comering ELECTYOMAGNETIC Theory Che WNExT 
SYbJEcT Would be MAGNETOSTATIC 


S bet "M GOING To SKIP ThAT Ang 
LEAVE 1T tor homework. 


WE hAVE BEEN PIDDLING Around so LONG IN ELéecTYOSTANCS THAT IT 
Seems hftrd TO peérteve WE 


ONCE covered The basics of TELATIVITY, ILL 
YEmMINd You of Four-VécToRS ANA The LoveNT2 TVANSTorMATION beTween 
Two codrd.\WATES 


SPSTEMS, for ExAMPLE fer yurform verociTY IN The + 
SIVECTION : 
ax* Ye¥ gegepe ' g s¢tove’ 
[i-0 f1- v* 
OR ‘ ' ! 
wex Vey g's Zavt thi t+v2 
Ti-v> To-ve 
AncTher ExAMPLE of A tour-vecTOR Is The momMenTUM Four -vector 
Px > Mo x 


> Ser eS me E= Mo 
ro fon, ee = 
An iwvATia@NT QuvaAWTITy under Such A TY ANStorMANON tS 
E*-pt= mr 
AnoTher four -vecTor IS Given bY The E€l€cCTrICAL POTEWTIAL Au: 
Ax, Ay, Az,Q And Also The four-currewT jx, Gq, 7 
ALSo The 


q4 bP: Remember 
Proper force AS Detined eAtller Transformed ' Like A 
+ouv vector, 


Sofar | have wnnten A tew Equations YEPrESewTNG MY KNow- 
Ledce of ELecTricity 


AS 
E- -Vg-1 9A 
a Se 
B= VxA 
Fs qise Furs) 
Tre FivST Two EQUATIONS IMPLY Thar 
VeB =O 
VxE $i 28 - 
<2 a o 


The QUESTON WE WOUlLd LIKE To ANSWER 1S wWhaT LAW DETETMIWES 
how The fierds Ave Produced. To STAYTT The ANSWwEr we'll find The 


PoTevTifit “TAMer Than The Fiecd becHUSE IT IS EASICR To CALCULATE. 
We KNow for sifTic f1eELdS The PorewTiAl 


MUST SATIS TY 
fe ae Pre» 


|05 


Now LETS GO ON TO A More CoMPLICATEd SITUATION. This TIME LET 
The chfroe 8, SAY, be MovinG ALONG The § Axl. WE KNow UF IT IS 
AT The ortGin The POSITION AT Some POINT A DISMNCE 7 OuT 3s 
eiwen by P= B . Ths tS All WE REAUY Know; THAT fd The 
SuPer Pos iTion 4néor PrinciPLe, For A mMouvine chArGE WhAT IS 
Q. The cAsiest wAY to +tINd GP IS TO consider The ChATGE AT The 
orieiN And The POINT? MOVING IN 4 SirAiGhT CINE PAST IT. 
Then we Just have To Transtorm back USING our LAWS. The four 
POTENTIAL 1S GIVEN by 

‘ f] 
g> QiavA  Ays Ac=eP  Ay- Ax Ay = Ag 
Y l- vt fi-ve ¢ 
For The Pring system The chfroee 18 AT X'=0, Y'=0,3'20 for 
ALL t', Whil€ iW The unprimed S¥STeEm (TT 18S AT X=Y¥2=O0 ANd 
2 =s-ut. To Show ThiS (5S Trve considéy Che TYAWS formATIOM 


Nl y=! Z&= o- ut! ¢= 6'=0 oie 2c2-ut 
Ti-v* Mi-ur 
Now The Primed POTENTIAL 1S GIVEW bY 
@' { for AL t! 


oe tox)* + Ce)? +¢3') 


IN The STATIONATY SYSTEM A'=0 SO. The uNPrimMed POTEVTIALS 
Are eiven bY 


ge © ee 
Ti-ve 4 Ti mV oy tr age 
Ax = -ud 
Ax 20 
Ll ae 


Now (is No Good To vs IW The Above form so we MusT 
transform To eA UN Primed SYSTEM WITh our TANS TOrMATION LAW 


\ 
_ 
q = ae Ti-ve xr t+ Gamer 


orm q = g | 
ates | Ci-vt) Cxtry *) t CZ-vt)* 


The Etecrnc Fried 1s Now lee 


_- 1 
= -Vq@ a 2A 
SINCE WE ONLY 2 A % componenT This EQUATION reduces TO 
So = «Re. d She 
3 a5 OU 8 
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a (é-vt) u*Cé-ut) 


Se ee a ee x Ss eee 3 
[QO -vcete) + ewe)" si [caw 4ycxte ey’) tCe-vey* | au 
= @-9t) Cer 
a a7] 
L cro jtx'+94 +C2-vt} |” 
if Wwe LooK AT The fied LINES WE CAw UNdEersTANd Tris resucT A 


LITTLE bit betrer. Consider farstT A PONT wiTh § 70 5 The & onty 
has x find Y Com PONENTS , eg.) 


Ex ot = 

x x Ey x ¢ And Es 4 3 om 
(S CAdtAL 
foem A sPhere. For 


The etecmic Siecd trom Tre charce. Por w=0 The 
Lines Uu~C The Flecd LINES Are STALL 


VAdIAL Thvouch The CchArGe buT Now Ae S@uAShHed by A 
Factor of 


vi in The direction of MOTION. The FtEld Lines 
become STTONGET ON The Sides WhilE wetKer Ahefd 
And behind of The direction of Traper, Right ANGELES To The 
HoNON 3-¥T=O SO The ToL Ffietd StreweTn tS [Es rey = 
ee, res U SO The fied (S LIKE A CoVLOMb Yar 

40€o Ti-ve xttrye 


the tactor, Vor, which is Always GreATer Thy owe INCrEASES 
The STrénNGTh. This ANSWwer 15 What we ex pecT if WE Are NAIVE buT 
SINCE were wor we EXPECT The AWSWEY TO bE MOVE COMP LicATEd. 


bul 


W & ouG@hT To THLK A MINUTS OW The MftoneTic FIeLd Lives. FECALL 
B= VXA which mens The B-tield CircucATEes Around A Curved. 


Now The TB Limes AYE NOT constdered VEAL because They’ Dow'T 
EXIST IN The OThev SYSTEM, Thar Js 


The B LINES CAN SUddewly 
APpéar To 7 MOVING ObSETUEY SINCE 


B= TxE/ct. We crn Also 
have The £ASE where Wwe hAve ONLY BRiines Avd no & Lines AS 


IN The case OF A PEermAvENT MAECNET. When The MfoneT IS MOVED 
The & piw€S vo The SAme hock yS- POCKUS And E LINES SUdd Guly 
RPPEAY ALL over The PLACE. If You HAVE E ANd B LINES IN The 


BEGINNING There 13 NO SIMPLE WAY TO Prédicl The resurTs. So 
be cAretul here, 


ELE cTYoDYNAMICS IN Four DIMENSIONAL NOTANON 


I'd Like TO Prorose A GUESSING GAME by ASKING WhAT YOU Think 
A likety PosSibieiTy Wouid be for A cEenerAl cfw of ELlecTrIcITY. 
Suppose 1 Give You The STATIC CASE VT? = -P/Eq , How would 
You MAKE He This wwTo A INUATIANT form? A Likely CANdI DATE 
would be To ADD A SECONd TIME PErivANVEe 580 THAT We hAve 


ee Naa op 


a tte Cae 
ox* aq" og* a, q i les 
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This i9 MOT fl@hT Thoveh because IT IS ONLY PArTIRLLY Correct. We 
must ADD Three More EQYATIONS TO COMPLETE The four Vector set pe 
7 7 


(v*- 22.) | aes Clas 


ee a iy 
oe es on” ) Axy2 io. OnN5/e, 


1S Now TrELAMNUSTICALLY wuAreftT Awd CAM 
be wrilTen More SIMPLY USING The B'ALEmMbernAn operaror L* 


uc c= 
a = i - V = Vian We, 
ot* 
IN The NEw NOTATION 


O"¢ = /é0 } A= 4 


€d 


ThiS SET OF EQUATIONS 


or bemer yet . . 
fl Aa * Kool 


° 

Au iS NOT UNIQUE SINCE IT 1S Possible TO Add A four vector 
h,say TO Au Such THAT Aw AS. STILL 4“(éo becAuse 
C*xX =o. the Addéd four VECTOr IMPLIES fA WAVE SOLUTION Throvo h 


SPACE, Rut we SHALL IMPOSE The PhYSICAL CondITION THAT There 
Are no free wAves IN SPACE. THAT IS, ALL wAVes hAvVE A Source 
ANd we don't hAve ANY God civew WAves. Al Thoveh There A Some 
PeyPte LookKine for A wive ThAT HAS ©XISte@ Throueh ALL TIMES. 
Thus Aw must hAVE A Source fwd 4+ (S ThaT Source, 


There EXISTS Then AN ArbiTvAriNess IM ChoosiING @ And A but 
TaT (tS JusT The WAY The reat world OPErATES, WE CAN ASK 
ONLY TWO QYESTIONS AbouT The world: What 15 The STATE of 

The Wwortd or WhAT LAwS Govern The PhenomMenA Awd whatT Is 

in the world ,né Why Are There LAWS SAYING WAVES MUST INTEVACT 
In> The FivsT Peace? There IS NO SATISHACTOVY fay MULATION of 
The 1 ATE, QUESTION AS YOU MIGHT IMAGINE, WE MUST MAKE CEVTRIN 
ASSumM pTONS AbovT WhaAT The INITIAL CONDITIONS Were. There EXISTS 
Ten AN ArbiTVArtNess IN WhAT You ASSUME fwd WhAT You Prove, 
So Don'T Feet Your WAY OF Province SONEhInG IS The bEST WAY: 
ONE MAN'S ASSUMpTION IS AWoTher MAN'S CONCLUSIONS. 


Quotes Notes: "One man's assumption is another man's conclusion" 
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« VOLTL ¢ aK 
More ON The LAWS of ElecTRODYNAMICS ret. Voli chapler 25 


I'd LIKE To STAYT OUT bY UWriTING DowN The Thies we KNOow Frort ‘ 
LAST Time. the D' ALembernAw orerATor «S Given by O*= Bre tk - 45. 
(pote This ts The NEGATIVE ot The pe tiv iNon tn The ref. ) " d 29 
The Laws of ELecTrodywAmics CED) Then TRKE The form: 

z a 7 
O'@--%e, , W'A=- Y%, I 
Tocé Ther with — a 
E- _ _2A Br A Es E+r+uxe 
E- -Vq@ =) i3= VAA , F ger xB) 


Now | want To SAP SemeThHING AbouvT anid 4 ANd how Ther fre 
TeLATed Te g: LwAS A ltTle Sloppy here by WwriTIno The force 
due To ONG AIScrEeTE PATTICLE When IN FACT (| MUST ExTend The Law 
Te cover A bree Number of PATTICLES And in The LIMIT ft CONTVWUDUS 
charoe distrrbuNON- To be ExPiciT Then | MUST write 


ecx,t) = 2, ge 9°CX- x) 
q (Kt) = £9: % §3¢x-xue) 


where 8°CX-Xe) 18 The TRHree DIMENSIONAL DELTA FomcNnoNn 
Wwe Hust CONSIdeEr The terce DensiTY oF force Pé&r unit volume TO 
Make The ifw RELATIVISTICALLY INVATIANT ,1-2,, 


—_ — < — 
f 2 PE 4x8 
This terce 1S PArT of A four vecTor Awd SivES The Threé spaAtcar 
compoMENTS. I¢ we Add The sate od Gvercy chance Per UNIT VOLUME 
or wettTer The FATE ot dOoING WOrK Fer sec, We have A Complete 
four vector, hé., 


on = Foew: = 4 Aw ong =< time cOmMpoNneNT ot 
4-force 
Ouv super duper NoMNON cAN NOW Give “US The foilow We 


set of EQUATIONS REPrESERTING ALL of €LECTYOd yNAMICS 
nA-« re dYeo 
Fav = oA An - av Au 8g 
de = dv Fay 


The second EQLAMNEN IS Expided OOT BACK ON PAGE 4B ANd GIVES The 
differewriacs EQuaATIOWS for & fd B, The Third EQUATION 18, oF coors 
The Equanions Of MOTION, So we Twd EQUIVALENT formu lANOWS 
ot eEvectrodynfmics 


We can formyuL ATE These EQUATIONS STILL ANOThHer WAY TWAT beine 
4 4 
by Tre LEAST ACTION PMINCIPLE, (BALK ON PAGE S4 we discussed This) 


JO? 


The force Lfw can be derived from The AcTON €X PrESSION 


ae 3 j | Aede - Aw] de 


or More cComPACTLY 


S= 'q J Au sku ds 


Tig | tor The inTeérAcTION of Two PAYTIICLES for mMAVYY We hAVE 


=* E42 ) Aa die ds 
d 5 
OY betrer Yer 
= 


ga 6X, t) Au (x,t) dtdxdy d3 

The vesvit of Pe vary Tre ACTION will YieLd The €QuaTiOns Eur 
And fax tor The minimum CowdiMom. A t™Mird uAY of writTine 
The Laws of © LectTrodymAmICS IS 


O*Au= - d4leo } 
8S = 5 ¥4s @x,t) Au Held E, = 


In The conTiwuum form There ATE Noe IN dintTies TO CASE ‘fault 
There frre whnities IN The discrere Parmcle cASE Whe Tne TOTAL feELd 
ACTING ON A PATTICLE IS PayTLY Due FO ITSELF, Since The Heid ooes 


AS Ine, rere EwTers iN AW INtiwiTE F1ecd STTENGTR. We'LL “discuss 
Tras Problem mote LATE. 


Now | have beem ullerly FEPETITIOUS ON PorPOSE buT, PEerhAPS, Mfde 
ALL This fPREAT MOTE comPLicATed ThAT IT IS, But SIT ff ConTempLaATe 
The Jeweu you have before You. You cam Prick ANY form CI, or WM) 
You Like. If LIKE recATIVITY OF NON-recanuisnc form, PATTICLES or CONTINUOUS, 
fou hfve # choice, ONCE YOu PICK A &® PATTICULAY form Thoveh, IT 15 
BEST To STcK WITh IT SO AS NOT TR be ConfOSEd, IN These EQoATIONS 
Wes AN EXPLANATON Of ALL PhySICAL Phenromenwa,. It 1s indeed wondertut 
To Hd Such A Simpce SEX of EXPFESSIONS. OF course, WE haAVE NoT 
comsidered Quantum Theory YET buT well cOME TO THAT LATEr. 


WE AYE NOW AT A 


CYIMNCAL POSITON where Now WE CAN deduce mAvY 
TWines . 


We covid Go WTO ELECTFOSTATUS but We hive covered Twat. 
WE covld Go INTO Ay ExpcANAMON Of Various MAONETIC effects , 
There fre A MuUCTITUdEe of Phenomeva Open for SICUSSiON ANd (don'T 
Know Which whY To Go. Therefore, I'LL LEAVE IT Up To You ANd 
You cAN décidé where You winT TO GO, 


IJ MAKE Be Good AS AN ExETtISEe TO Show how MAXWEL'S EQUATIONS 
cfm be deduced from The PriwciPce of L&ST ACTON. 
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WE have te Guess aT A form for The ACTION ANd A Good TTY might be 


% J COV Aa) (Quay) dt. 
This 1S shorT hand for A ver¥Y Lone Expression 
CE Oe) 0 wee 
LET'S ChANGE The ap by A SMALL AMOUNT Ay = BE +SAx 
where Anu 


is The Narerat tHetd resutTing from ALL The charees 1 N 
The UNIVEYSE. Thus, 


S= 4 Jav( Ax 4SAu)]| due r8Aa) | te 


= {[ [lv ) (2. Aa) +(IvSAu du Au) +Qv Am Yu SAu) 


SVS AnIMSA 
IGNOrING The LAST Term which IS SCtONdorder on oe ° - 5 JT 
S= 4) Qv Ag dudu)dta 4 [QV SAn dm Ay) d ti 
S = S + S(avSAn me Nu)dtu 


Sor The first order Term TO bE EEO 


Ss= JQvSAu dn Au) dt, = 0 


We must t80LCATE SF Anu by INTECrANNG by PTS AS WE hAve done 
before And we ©€T 


~ 9 (8V CnAu)] S Aud te 


$5 to be ero ME MousT hAve 
- 8vV%u Au =0 


€TC. 


or 


For 


So wé euessed Prey Good But we for60T & TEyM IN The ACTION 


+ SP jd Audt,, 


So VAY ING The ACMOAN WE GET 


[Cav Aa + b 4m) SAadta 2 
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€ 
ove 


dveu An = b%, - D'An 


| MUST POINT OUT There IS A PRE hiddew Gem IN ThiS SormuLATION 
which HAS Gone UNNOTICEd ANd | MOST POINT IT OuT: 


Hil 


When we vary The ACNON Due TO The INTEVACTION Ot MATET We wroTe 


dS = SJ jan Aan ds = ) 4a Sha dtu 


So if | break The ACTON Up INTO Two PArTS Aid MuULTMPLY Trrovoh by 60 


- £2 J (avduAu)dt + | juShudt. =0 


We eet The id€A Thar There MAY be A more GEenerAl form of The ACTION 


Wich CONTAINS ALL Of ED fd MECHANICS Aid cAy be writren AS 
ONE Supercluper ACTON oF The world 


S = 


€dS = 


zm; | dS: + =H a + BCVA) Sy Au dz, 


The middlL€ Térm IS JUST-fwoOTher wr TO write 
5 Aaa C1) Rati) dt 


Now 


S tS A MINIMUM wiih VESPECT To UATIATONS ot Xece) ( the PATh of 
The pAyMcuLlAy PpAYTICLE) fisd YIELd The resort 


d i iae HE = 9¢ dX Car Xr 
as si ) b Js Fay Cr Xe) 
(Note: WE worked This EQYVATION OUT ON PAGE 48 ) 


This varriATNON Of The Svper ACTION GIVES The dPNAmicaL Monon oF 
A PArncte Ww The Fiétds YOU Are ASSUMING. 


lf Sis AWINIMUM uiIth Respect To Aatll, Y& CET MAXWELLS EQuATIONS 


O*A-m = - W4/, Thus »S CONTAINS ALL oF ElecrrodyNAmMics ANd MECHANICS 
or 
oF CLASSICAL PhYSICS. 


KeTArded WAVES 


For These €QufTions of ED TO Conform TO reAliTy we musT Add 
SOMETNING ELSE. ThAT beiInG , ALL WAVES hAve A source And ThaT 
The cruse PreceedS effects. Tnis is True because OO*X =0 boT 
STILL hAS A SOLLUTION SO HAT Awa = Au 4X smelt oives 

C* CAutX) = 7gufeo. Thus The new poTewTiAl don't 61Ve The mew 
same fietd IM General, ditserenT monons, ANd aitterewT Predicnons. 
ALL This impuics The idem of retarded WAVE SoiLuTions, 


To Prove ThiIS WE MusT PISGUSE The SoluTNONS To The EQuANON 


O*Pon = ~ Sct) 
The Source S us & tuarcnion of XK And t 50 IT WIGGLES And MAKES 
WAVES AS Some fuNCTION Of POSITION And Tine. We WANT TO ANALYZE 


The SoLuTiON When § Exists ONLY AT The orioiN ANd S hAKES UP And 
DOWN. WE wilLWfITE The Source AS 


oOCR,C) = 6°¢tR) et) 
the SWENTKR &/€) 


VATIES cw ITh TIME SO WE CAN Think of O&O AS The 
Ame THING AS Tne chfiroe Dewsity Pe fd The Whdle Probten 


HZ 


BecOmeS ANALOGOUS TO SoluINge 
Vid= -@& = ~1 SRG 
¢ €o Eo é ) 
Which hAS AS tTS SOLUTION 
= $ét) 
{TloA 
The Problem IS The Sfme but we ony forooT To Thrauveh in The Second 
TiMe DErivaNveE- WhaT We YeAlLY wAWT To Solve IS 
eas ot 
Papi Be i 2>-S°(R) oct) 
When WE SOLVE This WE hAVE SoLved ALL WE NEEd TO Solve, 


There Are MANY WAYS To SOLVE This EQUATION. I'LL GYESS The SoLUTION 
Is GIVEN AS SPhericALLY SP MMETYIC +rom The source IN Which cASE 


Wx, 7,2, €) = JOR, €) where R= Vxt+ytter 


Then To find The LAPLACIAN 


oy - at » 
ox oA Ln 
ay 4 aif x + att ot _ a+ xt 
ax* erat nrzt BAR Da pn3 
Addine The Simutr ¥Y %E comPONENTS 
2m = af cm at 
v‘yp ye oa A8 


Or KNOWING The LplaciaN IN Spherical coordINATES Inmediavecy 


Vye4 ds (ard® ). # 3 * (nF) AS A MOre 
nda dtu Re dab usefu, torn 
There tore WE hAVE 


a 2° (at) @ 4, OF = _ ove) $7CR) 


we ant ot 
For nfo Everrwhere Except The OrlGIn 
9° cat) —- 4 & CaF 
‘ } ct sae! ) 
4 Fert Se ea OF E 
ro, ce ett 
Mow Suppose WE had The EQUATION 
dP . J @F 
dn c dt 
And wiwred The secondtéd derivative 
oF ¢ he 2 ee Cee he, oe 
dat cet 9A cot © ot c* ot 


After three Mewtac efforr we cAn Show The MINUS SIGN ALSO IS 
A SOLLTION, WE WANT ff SPECIAL SOLUTION Where 


R= gcarct) OR 
E< Jr h-C+) 
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SINCE The Two sotuTions CAN be Joined To form Awolher SOLUTION 
we have F= qcatct) + h(a-et) 
Our SOLUTION TheN becomes 
- JL 2 h(a-ct 
Y 7 q (atee) +7 ) 


but so ftr | have'NT considered The fleht side of The EQUATION YET 
And This with deTETH ING WHAT nHaAppens AT The orton. 


The CLOSEy WE COME To The Source or OT6IN The MITE Stonttic Apt 
The space derivAnve becomes vid The LESS The Time derivANVEe becomes, 
Thus we have tN The Limit AS APO VipnK Ya which has AS 
Se 2 

4 7 
Atl we caw determine Aboot oft) 1S WAT AT The orion 


q¢ ct) + h(-ct) = oct) 


ITS SOLUTION w 


AS A Special case, TTY Gro , Then Wie-et) soley om Nid = ate), 
Then WE could wriTe Atn-ct) ot ks A/<) Which Yletds 


Y = o6t - Afc) 
4 /e 
The other PossibuitTy 18 h=0 AWd Ts Gtves 
YW = ete + fe) 
4 / 
the AN wer SAYS That AT A Bee distance te AWAY trom The Source 


the Time ¢S MOT The TIME OF The MeASULE MENT buUT depends on hou) 
Sey ww The point 'S, The MOST GEWEYAL SOLUTION IS GIVEN by 


wert) Tt %) . leh) ~-ROtt%) 


Ann WM 
lf we CAN onty deTermine The aitterewce of 
besr WE CAN do. 


ol tt A/c) 
an’ 


ANd bh, THIS tS The 
if R= Tay ,w€ CET The otey” SOLYUNON, né, 
Awa aT Tre Ortoin we GET Tre riokhT AWSWEF 


WhAT Tas SAYS 1S THAT SOurces produce Effects Cater THAN Their 


cAuse, The k'a Are cewerAity O UMLESS There Ave SOUrces we didN'T 
CONSIdéy, The SotuNON CAN hE written AS 


WOR t) = j Stk. t= “Ve) dy, 
41 Miz 
This 15 The AWS Wer TO OUT EOVANION of ED. So ACTUALLY we hive 
Aw ®t) = 5 ju CRz Eerie} dU. 
94m €d Airc 
This 18 The VETArded WAVE SOLUTION Which says effects CAN NOT 


PrEceed CAUSES. There IS No LuoGICAL TEASOW for Tus 


ComtoythlLe with The Thoveht AT Time = -0 ALL tertds Ave O And 
concirows were fixed. If God HAS GIVEN Us WAVES WIth No Sources 


Then we Ave IM A LITTLE Trouble. 
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bur Wwe fre 


ré{: C1) wreracron with Tre Absorber 


4S The Me chAmism of RAd ANON, 
Reu. Nod Phys. vou lr? #223 Apru- 
JULY 1944S, Wheeler And Feynman 


AT The ewd of LAST LECTUrVE A Good QuesTIOM CAME UP Which | 
GAVE A Poor AWS wer TO; I'd LIKE TO Go ovér IT AGAIN IN MOrE 
derma. WE hd MAkWeEtL's EQuATION 


ae; een deo 


ACR,t) = j AC Rat °Fe) IVs 
4Ti€o An 
We were torted* to ACCEPT AS A posSiblée SOLUMOM T The EQuAMON 
An Advanced Sotumon where ff = CRi, tt) And A combtnaATion 
ot hALE Advanced and hat re déd WAVES | This 1s CALLEd The SY MmMemc 
SOLUTION. 


ADVANCED ANd RETATIEd WAVES 


Wilk The SOLUTION 


I{ we consider The Two EQuATIONS WITh The Adufweed Aud 
réeTArdéd SoLUNONS, Then 


Tr Aige: - 4/eo 
Cl Ary = -4 leo 


And The difference 1s obviousty 


C* ( Aner - A agu) =) 
This EQUATION describes fA free wAve, hE. A wave which Does nor 
INTErACT WITR MATTE: . IT STAHTEd IN The INFINETE PAST IS GOING STTAIGHT 
ON Throyah To The tiHNITE turvre. it cannot be wenegd On or otf. 
The Most Gewerftl To MAKWELUS EQYVATNON CAN Now be vwriltew as 


A= Aver + free wave 


WhaT I'd LIKE To Show 1S TRaT There AYen'r Any tree waves AT Att 
And To do THAT Suppose God's will was Mart 


A= J [qckt- “red + Gcre,t?*%)] dy 
“IN €o Arr 


- 1 

aie 3 A ver t L Aa 
WwhS The CorvecT SoLuTOW IN NATE. If Some GUY considered A reTArded 
frecd ONLY he Would Fend his AwS wee ditfers for he has 
A: Arner + 2 (A aay + Arernra ) 


Lonsidér A PhySicAL SITUATION IN Which The woertd cowsisTs of 
Two ChAToES ANd ONE ChAroe IS hit iT JIGGLES, And ITS TES5ULNNe 
CurvéenT MAkeS AWhve Which EFFECTS The oTher A LITTLE LATrEr. 
If we were Prejupiced AS we observed The €veNT IN The 
SYmmeETric world | The TOTAL VECTOr POTENTIAL Wourd Yletd 
YzAn + VaAa. Now we would have to SAY Thay SOMETHING, 
Not trom The Source STYOCK Parncte Z To Kilt ONE hyit 
The retarded fietd we Expected, Ar The same TIME WE MUST mas 
have A “free wave” wife oor The hALF ASuANCEd WAvE a same! 
Fierd Ye Aa. In oFher words we NEEd To Add To Our VeTArdéed 
fietd ,the Free whvE XK=hAha -hAa 


Time 


iS 


Advanced And Retfrded Vector POTENTIAL 
, ! 
I'd LIKE To Go bACK oveR part of LAST weeks LECTULE because 
dida'T SAY 100, MUCh About IT, | WOuld LIKE TO COMTEMPLATE Tne Two 


SoLuTloNS | developed for MAXWELL'S EQUATIONS. We havé A S¥mmeTric 
ANd AS?mMETriC SOLUTION 


A sym = + Averarded Sf 3 A AdvANCEd 


eee = Averarded + x 
Both vector PorewTm@is Are AI MISSA bLE SOLUTIONS To MAXweELts EQUATION 
NA ri) 
x 0 
The NON-SY MMETRIC SOLUTION we Are FimilifBr with buT NOT The 


Symmetric FOCM because iT AdmiTTS AN Advanced WAVE SOLUTION which 
APpears To CONTYHdicT Our belief ThAT cAuses Preceed EttecTS. 


LeT'S SUppose WE Go bACK To Geed old FAShION Physics ideas ThAT 
dimit effects from occurrme before cAvSES The QUESTION (5S why (SN'T 
The AdUANCEd SOLUTION AdMITEd, TAKE A simMPlLE EXAMPLE ot AN €lEecTro- 
MAGNETIC OSCILLATOR PAdIANNe whvEes INTO Space ANd Néfrby ts A 
biocK of ICE And A Be HoT brick, IF The ICE MELTS WE 
KNow There haS been A TranSter of heaT from The brick, 

Tre MELTING AAS CAVSE The Closed Two bod SrYSTEm To 
hve AN INCTEASE IN EWTYOPY, RISING ENTYOpY IMPLIES 


The TIME Arrow, We wilt discover The Entry INerense |) NY ice 
CorrespONdsS To The SAME phenomewA AS WAVES GETTING bricy 
farmer AwAY From Their source iN TIME. Could A 


world ExIST IN which ic€ MELTS bvT AT The SAME Time 
whves come INWATdS The Answer is YES BUT IT tS NOT 
Obvious. The Thine | WANT TO GET Across 1S TnAaT The vert Sfime CAusE 
PESULTS IN ONE WAY ENTTOPY ANd OUTWATd TTAVELING oftVES, 


> hear Flow 


The LAw of IncreASeNGe ENTTOPY IS bASEd ON STATISTICS fd ASSUMES 
The PAST was More orgAized Thi) The PreseuT. Therefore, WE TALK About The 
QuatTiTy of The history Of The umverse. We MAKE The cos MOoLOGIcHL 
ASSumpTiomM Thar MATTEr WAS TIOATLY PACKED Come Frtte SOMETIME 
iN The PAST 'S CurrewtTty €xPhildinG., AT oNE TIME IM The PAST 
lickT hid f& Mean free PATh becAUSE The UNIVERSE WAS Closed frid 
LiekT coexiSTEd IN ThermAlL EQvilibrivM with MAITER, AT This Trme 
IT WAS MEANINGLESS To SAY The curtenT densSiTY WwaAS €lTher 
{2 qf ra t-"%) J hes jcAa, a o1 fe combin anon oF The 
wo becAuse in EQuitibrium Tine has NOMéANING. LIGhT 15 locAuy 
IN EQuILibriomM WITR MATTE. AtTe The &% pfwsion beoins The 
Vector PoTewTifAL IS phisicmity describAble by A réeTarded wAve 
SOlLUNoN becAawe 1T doESNrTMAKE ANY SEwSE TO sf¥ WAVES Couid 
beseuT INTO The PAST, hé, before The €Quitibrivm STATE. 


116 


IN ofher words Zhe irreversibility of heaT conducTlOm ts yusT LIKE 
The irreversibility of The Emission of FAdIATION. BoTh Phenomena rencry 


Ave DescribAble is Terms of STANSTICAL MECchAWICS cowNnecTed wiTh The 


AsemmetyyY of The IWINAL CONDITIONS with VespecT TO Time. A ware 
obsectT IN G CooL SurfOVNdING WiLL MOST Probably Look heAT TO THAT 
SUFFOUNGING. LIKEWISE rAd AMON WiLL MOST ProbAbiy be radiated 
Our ward, Ié. 


oa 


The osctlL ANIWG SOUrce will cose Ewerop To Any Absorber, 


Now | 


AM GoING To TAKE A Different COSMOLOGICAL Model ANd 
GET The Sfme ANSWEY. This Ti1eé 


I uttt ASSUME MATTE FLOWS IN 
ONLY ONE DIFECTION, ovTwird from the bic BANG . FuRther ( musT 


Assume THAT ALC LjenT radiaTed 15 Absorbed Sooner Or LATTER he, 


NOTHING CYEEPS IN or OVI, Suppose The world IS ENCLOSEd by 
Absorbine waits. The Theory | have SAYS if (¢ vSE Asynnernic 


2 
(Ger The sAme AnSwer AS With Arerarded. But 17 Turns ovT Areg 
iS More conuvemenT TO work wity And GCASIEr To ANALYEE. 


The fact Thar The WAU IS AbSorbiING MEANS 45 Parnes Aire 
PuShed INTO The WALLS The MOTION IS DAMPEd oOVT Awd Slowed 


down. We will STHrT by AssuMiNe The SYM METTIC SOLUNON AbSor ber 


4 i 
A= 2 Aa + tA ra 
WiThR This UVEecTor PoTENTIAL | CAN Get The LAWS of force , 
| 
x 


ON 9 ChArce PLACED AT The CeWTEer of This enclosure, 
F- ad Osym t UX Bsyn) 


‘i e X ! 
Suppose we made vp SOME OTher LAW Grom A STupid Theory ** 
= Sa re eR. (E ei ee ing ie 
Z ( Ns reraré } 4 Eide tagt TXB, | -tA 
2aMhar gna 
Stupid Theory Sica Gy SORA 
COCrTECTION TO STupid Theorg Te 
GET “RI6KT" ANS wer 
if The inside was ALL BLACK pnd A Light Turnéd ON ANd LATEr Turned ott 


NO NET MOTION WiLtl resyvlLT. The Sietds WW The correcMmonNn Pradvoceé ed fects 
but They must come from —00 And Go on OUT TO TO. IN otherwords, 
The correcnon fieid AcnvATE The GdSorber but Never GETS Throvch T? 
The INSIpE ANd Produce uNUSUAL EffeeTS. The ExciTRNON of The AbSorber 


GENEFATES N&wW CYCrents And ferds witch Add NiceLy WM Give EEvO, ne, 
The correcnon field Musr NOT Lose EWETCY Thus we Are LEfT 

with The résutT ThaAT Tre Semmenric itd Anti Simmetric sotunons 
Givé The SAme Physic Al RAws. I'LL Work out AN ExAmpre 
oF how ALL This WOFrKS. 


/ 
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lers S€é 


how This works. Consider A bLACK WALL Absorber 


Around A ChAroe- The WALL tS lO LIGHT MINUTES AWAY Pid WE'LL START 
AT [2:00. AN Exp&rimMGrT will be Pretormed owe MINUTE 


Aw ey from The Orioin, 'f The charoe tS hiT A 
izto0 «Ar Time => Ot /4'I" The fied tS YR ANd AT 


( 
t=-| the field MUST be KA. Now The effect of The 
OsctLLATIONS OF The charGe wilt rAd ATE ANS STVIKE 
The Absorber AT t= +10 minutes. The AbSorber 1s : 
Ser iNTo MOTION ANG All the consnryewr PArTICLEes 
Gener ATE A Fierd, This field 


1§ EQYAL TO half The \ Ai 
rétivded Miwus hatt The adunnced Field of The 


source§ The vitdtAnon fi€id of The Absorber Arrives 

back AT The Source To CANCEL The AdvANCcéed witvés 

and fdd To the rerivded waves To GIVE The xpeEcTed 

rESULTS, 1.2, The tAduAnced wive of The AbSorber Arrives bAaCK AT 


Te Souvce AT 12:00 NOT AT 1%!2O LIKE The retitded wave. AcTwALL Y 
WE MusT be A Lime MOre CAre ful 


iN CONStdévING The CANCELLATION of 
The AJVANCEd waves. Remeber Remember The Ve Advanced wave AT 


The Source occurs AT @ II!S9, The DIAGrAM Shows The Differences IW 
Tine bETWEEN The Ex PEerimewT ANd The Evds otf The difmmeérer. Careful SUMMING 
ot The ¥Yz RdvAnced ticids from The AbSorbEer will Prove The cANCELCATION. 


Alt Advanced fieids Are cAncerléd by IWFErference. Their Effects Show 
up directly ONLY IN The force of FAdIATIWE LeACTION. 


SELF-Force and YAdIATION resiSTANCE rey PORE chap es 
You ProbAbly KNOw THAT AN ACCELEYATING ChArce rAdiATes by 
réeTindés wftves which CArry AWAY Everex, THAT 15, TO" MUST do &xrrA 
work ON The chArvoe AS DPPOSEd TO Pushine ALONG AN UNchfre ed 

PARTICLE Which will NoT rAdiATe. where 


Boes The Retfydine force 
come trom’? If We consider The ELECTYON TO bEM bALL of fimTE RAtdius, 
Then forces wiThin The bAIL DO NOT CANCEL When The GLECTYON JIS 
ACCELEYANNG WUE TO The Time Delft. Action fd reacnon fre Nor 
EXACTLY EQUAL ANd The ELECTYON Exérts A force ON irsect That TrieES 
To hold back The ACLELETATION. 


The seth-force can bewriiten AS A Series for The NON-YELATIVISIE CASE, 


2. ee LQ v00 za paeg 
F= KS X- S28 K + y C2X + 
act 3 a3 c4 
where af Y Are Numbers AMoveT CQVAL TO 1... Tke coctIcieNnT 
a e* is LiKE A pitterenT MASS Thi INEYNAL MASS; 17 IS CALL ed 
act 


the ELECTYOMAGNENC MASS . If The charoe 16 A UMiform Sphere 
K = %3. The S€tong Term ts 


the rave AT wHich work is done 
And Therefore corréspon®s To rAdiAMONn PESISTANCE. 
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if The ELECTYON rAd ius ,%, GOES TO tera, 


The Third Term Cfwd Ate 
Wieher order Terms | Go to zero, 


The Second Term IS coOwsTMHUT. The 
hvsr Terms becomes intiniTe Due TO The MWAwWITE ELECTYO MAGNENC MASS. 
The iwhwity Avises because WE have ter A “POINT” 
irs ect, IF You Sf IT CAnwoT ACT oN 
NICE bAbY with The bAM™ WaTee. 


ELECTTOAl AcT OM 
iTsetf , YOu Throw AWAY Avery 


A way To Ger Around The difficurey 15 To use Our Symmetric 


SoLuTION fovy The vector POTENTIAL. The formutA tor The Seif -Aer Force 
due TO Tre HALF AdvAwced Add reTArded WAVES, 


z ee a eeee 

Fe AO XK » ESR 4 pete ke eve 
act z cew 

1 we modif¥ The cure for secf-force and Say (T IS EQuivAL ew 


"2 The Mdifterence of The retarded And Adv Ance d fietd , ALL 
The €VENW Power terms GU ouT, 


F:-- 2 ¢€* a +t higher Terms 
3 ct 


When }was A YouNG Boy back Ar MIT, | ThoughT The Iden 
AN ELECTTOM Covid NOT ACT ON ITSELF WAS STUPid. Furthermore | felT 
Sure | Could Prove iT WAS STvVPid, Considéy, 1 SAid, TO ACCELETATING 
chAreesS A diStincée /& Apdat cone AT pifterenT ACCELETATIONS A 


and al. ake j 
GQ f QA = ns a a = <, &; 2 Sia: 
e = ‘ al ¢ 
: u 
The hed AT G Dye TO l is JusT 
&= ea 
r 
TBAcK AT 1 The force lve To ™ ‘ ae 
+ =. 2 me = ea! = ez & @&, = ee er a 
Te M/re marr 
Well, | Dipn'T GET The riGhT Ayswer And Worse what | Cxpimned 


was rétlected light, { forget ro consider The delAr Across The disrance 
A. Seo lwestT Tro Dr. Wheeler with The Grear Proof" And was 

crushed by my stupidity. Bul he Saip LETS Go from our 

aoswer, FiesT he sftid You MUST consid€R The TOTAL © HrecT of 
MARY payTicles, j.€, N Perv vai vorume . The Number of PArTcLES IN 

A Sphericac sheLtl witt be Wi Natda. The Tome force 1S 


e = a Aete* unatdaN 
Q m "in 
BUT immediATeiy We sce AS N-ve0 the force bewmes wes Kewise 
becomes IN fiiTe, 
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wheeler WENT viehT ON JUST AS 1F he hAd work The whole Thine 
Our JT before | Cc AME 


IN. He sAiD WE hfvew'T TAKEN INTO CONn- 
SidérANON The phase tA& beTWEEW The ouTocomwe DISWrbANce Ad The 
PET CNING YTEACTION. ThiS TornS OUT TO be 90° and ThuS WE CAS EASILY 
ThKe This b¥ ThrowINe IN t= 
The INCOMING 

of A TRPICAL 


INTO OUT INTEGrAL. Now, he WENT ON, 
Advanced force ACNWG OW The Source due To The MOTION 
PINSTYACNON beTWEEN Two ChAaroes ANd PropacrATes AT 
the speed of “LIGHT. The retarded Whve TrAVELING ouTWArd combines 
WiTh The S€cOnd Ary fields trom the Absorber Awd The TOTAL DiS Turbance 
Trfve.S ATA piftev ent Speed, Chin hh: aetracnve iNdex . Thus we 


musT consider how fag down We NuST Ge before we cet out ot 
Phase And TwaAT tS JYST 


a». 
n-| 
SINCE were CONSIderiING A Medium of low dewsiry, The refractue index 
(3 Kwow 
mwas 
So Our ANSwEer Now Looks tIKE ~s 
F = NS Ee % 
to aeetinw A mw = ewace,* sivce C= hw 
me 47 Kec 
(fF we Consider The PrimAry ACCELEFATION 1S GIVEN AccordinG To 
-<¢we 
Q=a,e 


We CAN replace ew by -232 So we Now have 
et “ 
eS ace” 
[| have Losr Some FaACcTors of C Alo 
Ne The w Rupr em 
hive %3 €\Ihner byt Thay's becnvse | Bap ee ft Also t Dow's 
SiIN*O Which Is %3 SO 1 GEr ETAGE OUEr 


Fes ae 
c3 
L was AmaAted + iT WAS The GreaTEST DAY of MY Life. | Covid hardly 
betieve he hadn't Worked iT ouT betere. He Tod me TO Gow hone 
ANd fiGure OUT JusT how Much AdvANCEd WAVE |! NEEdEd ANd 


to come BACK WITH The rIGhT fAwSwer,. IT Tyrwed OuT To be Yr 
JusT AS ExpecTéd. 


Dirac cltmed Thar TeTAc fieid Should be The Sum of '/2 the 
Advanced And retarded. AccordiN@ To his Theory The torce on 
The ¢@ payricte IS GIVEN by, 


— 


a ra F; Sym 
ire 
wh . " = i 
eve Fi sym = rf Lactay EWS 


Zo 


Cnet ta) 


This SYMMATION CAN be Expressed AS 


{. = >. Fs S¥m 7 os Fsym 


Alut 


Or ANothery wf¥ TO Express The ANSWET 


fe et ae 

4,2 a oar +3 avv) 
‘ie 

This €X pressio M CAN be broKéw dOWN INTO Three PATTS 


+ 22. Vom & 22 €, vif. ee 
Fi © Ch Fceun th Fem] -Z. (Leine “BF 

The first Term 1S JusT The old Theory of VeTArded wAves, the 

Second Term describes The sect-force 


find olves MISE TO radi AnvEe 
SAMPING. The Third TETM 


vinishes for & COMPLETE Absorber. 


To Show the Tnird Térm tS GErO tor A complere AbSorber we KNow 
ooTSide The “bSorber, 


as Fimen 1 Fy > 0 

L a jeer 1 TY dav) 

Since IT Vawishes Every Where And for ALL Times WE MUST have 
2, Fi ReT =0 oi Fe Adv = (2) 

ouT Side INdependenTly, IN oTher words 1 ONE dID Nor VANISh 


we AlLow for AN OVTGOING WAVE While The OTher represenTS 4 
CONVETGING WAVE. 


Bur complere cdestrucnWYae wrerferente betwee 
hoo Such whves 15 


Im possible. Thos, The? musT VvAawish INdepend - 
ENTLY. From Thi§S CONCLUSION we dedyvce 


a ie Fr rer = Faw )=0 AtSo osTside 
This fretd, dy tterent From Tre SUM, has NO Stnout Arcs 


wiTnin The Absorber SINCE IT UfwiShes ovTSide AT ALL TIMES 
}T Must be €Ero INSIdE , Theretore, 


z, ( F 3 = Fe tay ) TO 0 &Verrwhere 


1 SPewr A ror of mE work ON The Symmetry fieid CASE, 
porino ThAT Tne t devevoped A Lor oF Powerful Toots TO help 
SoLve The problem which | Never DID, When The canb shi frwas 
Discovered | Cefvned How Quick , Codld SOLVE the Problém 


USING TheSC TECHNICPUES . SO The rules work JUST AS WEWIN 
The retarded cASE. 
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PRE - ACcEt ErATION 


AssociateD WiTh The idea of Adudnced Fields i The iden oF 
Advanced €F+fecTS. The DAmpine Term voes LéAd To fy AOuANcEed 
EHecr cAlULéd Pre~A#C€eLerntion, Siapese & PENCE of HAE w 
\s REhAUCNG A CLOrdING TO The Condi TION 


oo one 
mx = $3, x + ANY? forces APPLIES 


Suppose for A&A moment That the Appimonat force UW JUST 
F = mw,'x 
The vSvAt Damped oSciLLATor EQUATION 15 
mx =-¥x tmwoX 


14 we ASSumeE Kv ef Het Then we caw HNd 
yw tet wrt 


— 


3¢3 mM 


4 We 1oMore The mwatX Term fora Minute we Find 

a 3C3m 

A. o@ > ee 
This iS # Non-dAamped ACCELERATION, iT ré€cétves A Pre ACC eter ANON 
for T eee i Seconds tefore he impuse Awd dost exProdes MTree 


mc 
IT. Dirac Thovoht we beret beTTeR hive some dAmpine fwd The 
Idea of AN ANTICIPATORY response 10°'? SEComds before the cause 
3 AN UN ACEEPTAbLE Iden. A way Avound UT 


'S te MAKE [he AcnOV 
A MIN(IMUM for vari AnoNS 


(M ASYMPTOTICALLY SMALL Hr EACH end, 


ACCEL 


iM PULSE 


Pree ACCEL 


bAZ 


Noises +ROM SPACE 


Sinc€ we Are free To TA AbouT ANYTh wwe | ( CIKE To rePorT Tr 
You ON A NEw DISCOVERY. IT WAS MADE by A Gur NAMGd Hewish 
IN FAdia ASTrONOMY. HE was STUDYING The ScIWTuLATIONS oF The SolArwiNd 
USIN@ A receiver OPETATENG beTWwEeeN BO And BS Mech crcles with 
A band winTth of 100 KILOCYCLES. HE woTlcéeD when seT AT A Frequency 
SAY BLS MecAhcrcees ThyT he would GeT <iTt€ PiPs Thar Kept re peAanne 
Themserves. OW A more cArefyL Stvoy he FEALLZEd The PIPS WEE AS NATOW 
As his Operaine bandwiDTh And ATEr A LITTLE ExecTronic Fooumme Around 
found The PIPS WETE BO KiOCPCLES CUIDE. The SiG@uat WAS ShAITING 
DOWN with A rare ot S Mecacrlles Per J€cond, This MEANS IT PASSES 
ITS OWN WIDTh IN A LITTLE Over 0.016 SEC or rovEehLy Yen” of A Second. 


Theve 1S WO INDICATION Where The sienAl STHTS from ONLY Thar IT PASSES 
Throveh ThiS 80-8S MC rANce. 2 


The real mySIERY 1S THAT The PIP hAS been TEPEATING ITSELF Every 
1.337279 t .000002 Seconds for the PAST SIX MONTHS. Now because 
The €fvTh TOTATES Around ITS Orbit PLAWE There 1S A SLIGHT Shiff DueT 
the Time detAys Across The vAriovs PAvTS of The PAth. Once This error 3 
cCorrécTEéd for And The Doppler Shift due To The Source recesSiow 15 


Accounted for we can PLOT TIME IN MOWTh US. DELAY ANd Find The PowtTs 
FALL PreciseLy OM A PioT OF The Enrth orog: 


The source follows Sidercml Time So ACCUATELY saat 
that This 1s No PArALLAX IN The pmensuremenT. The Lie, - 
soorce tS AT LEAST 1000 AstreNnomic Al vaiTS AWAY SO MONThs 
IT 1s DefiniTeLp Mot wiTh our SOlLAY s¥sTEem or 
MAN MADE 1-8, M% SATEUITE, AlSo The STrENGTh 
of The SIGNAL VATIES LIKE MAD VEry IrreculAarly, 


MAYbE IT IS Some MORBVLATEdD SIGNAL From ANOTher DELAY 
SotAr SY*STEm ! 


there fre four QUESTIONS WE would LIKE To ASK: 


UG), whatT'S Gor such AN Accurare Period 
CZ). How CAw The Pulse be SO ShArP 

(3), why DOES The frequency shifT Pdwh 
(4). why DoES The AmpyitTyDE VATY So Much 


STAYTING with The LAST QUESTION AND GoWe BAcKW Ard. 


If There Ar€é ANY UfiriATIONS IN The SOUrCE OF More CoolcAuLy (Ff There 
Are UVATIANONS IN The STUFF beTWweeN 45 And The SOUrCE maArvbe This woud 
AccounT for The fLucTUATIONS. IN dAeT The ATmoSPhere Aud/or The Solar 
wind ACTS LIKE A SCINTILLATDF TO JIG6LE The ELecTYONS AT A S€cond 


or Two iInTErVAL. WE ThwK There Are ENOUGH ELECTYONS beTWEEA US 
Aud iT TO Account tor This PhENOMENA. 
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FUNNY NoIsés trom SPACE 


whaéT MAKES The frequency Shidt Down! Thar iS A Lime ENSIET 
Perhaps, To Answer, 


If we have A nituTE elecTrON GAS The INDE 
of vefvACTON 1S GIVEN bY 


Nak Re J desmce To obyecr 
yn aye 
Swwce The wdex 18 frequency dependenT ANd SUBSE puEwTLY The Group 
velocity , The waves would NOT TrAvét AT The Speed of LIGKT, If 
There Are A Sree electrons between oy, This could &xplANe The 
VATIATNON. Now we CAN AvGUEAlLL Diy how mAWY ELECTITONS There 


MAY be but IN The divécNon of The Source IT Seems OKAY To ASSUME 


O.% etecwvows Per cvbic CENNMEER whCh Gives 


AS A DISTANCE 
To The obvecT of 6S PAY SECS Or 


Z00 LichT Years, 
From The rATEe oF DIitT oF The SIGNAL 


iT {S Possibte To FiGure 
out The TOTAL DELAY 


of The pip. IT TUFNS DUT To TAKE About 8 Seconds 
for The St®WAL TO SWEEP DOWN To 80- 85 Mc TrOm infinite Frequency, 
How bo We GET S¥YCh A ShARP PULSE 


IN ©.016 SECONdS (7 tS ALMOST 
CERTAIN The PULSE IS NO So Shfrp buT really MAde oP oF Shocks, NoIs€ 


éLectrec ANd MAGNETIC Field DISTOFTIONS To GIVE A PULSE more 
‘bue ro The PULSE WIDTH of O.0IG SEcondS wE cwoodld Expect 
The source To be onthe Order of S000 KM, I-é., The DismAuce 


iT TAKES LIKE TO TYAVEL IN) 0.016 SECONDS. ThiS (S SMALIR 


TRAN The ordinttey SOM, ANd POTS IT IN The Whire IWirf 
YANGE. 


lik €! 
2.016560 


Now wht could have Such AN AccUrATE DETIOD So AS HoT TO VATY 
meré ThAN | PAYT IN 10” over SIx mouths @ Perhaps (F A ChftracTenstic 
YOTATION or vibration of A whiTe dwart. In white dwa rfS The cdeseneraTé 
electron GAS Supports The weI@hT oF The Sifir fwd underooes TADIAL 
OSCILLATIONS. The LOWEST PAdIAL MOdE Iy OW The Order of Seconds. A 
Plot of PETIOQ VErSvS MASS LOOKS SIME THING LIKE = 
The Minimum PEeri0OD Turns ouT TO be fAbouT F SECOnE, 

The reaSON The Period TISES AGAIN (|S That The résTorine a 
force Lowers AS The MASS INCrEARSES AND EVQ@MTUAL 


Give5 iN. WE MUST ©O0 TO A hicher Modé TAN The BSeEc 


SECOWH TO PICK Vp fA 1.337279 Peron. Perhaps, 
Thouveh SOME hiGhey Mode (5 BEING DrivEeN by Some 


MOTION ANd The jogwer modés GET LosT, BuT There 15 
MO Simprée Mode. To Give 337079 4 ITS NATurAc 
Periop. MAYbe 7 135 SOME NON~rADIAL or QuAdriPoLe MOddeE 


with A 
high Q bve TO STTONG GYAVITANOWAL Wve GéwerATNION. BuT How The 


MUMbLING STAYTS fd The Theory ceTS worse. 
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So leTS Turn To ANOTher Possible Sovor cCé, The NE€UTYON STIRS, Now 
Ir 1s Supposed ThAT NéuTrOWS 


No ONE hAS Ever ObSEerveD A Nevurron SMH. 
€xisT AS A DeoewerAre, IT 1S e#sier To PACK ON of These STAY becAusé 
IT TAKES LESS ENETG?. The Enero? 
Ex = 
a | 
since The mitss FA Neutron & NEriy 2000 Times ThAT oF fw eLecTYOM 
TER, IT Turas 


The sANeE Greve? Chn PACK The MATE Al NGHTER. However 
1S (0°?- Jo7* seconds And 


1S Gluew bY 


our The frequency of Such A 4 STAY 
NOT LONG Ewouch. TO e€T The righT Period The Star MST De Much 


Less Than The SUN 4PProximATéecy (o> Me, 
Consider A ME WhiTe dwarf STMr CaNd our SYN ANd 


Suppose we 
we ASSYME The MASSES ANd ANGULAT MOMGeTUM Are The SMe 


bisey= Lup 
: : 2M. Boe 
SMa Wo 7 5 “lwo bwp “Ho 
. . 3 
Assumé Yo ~ 600 doo KM Yu.p ~ 6000 Km Wy F ZTd = 23x See 
BL B® = /o* Wi 


Return To ElEcTrODY NAMICS 


I'd LIKE Tt) fETULN TO ElEcCTYODYNAMICS ANd Show You hou 
be derived from AN ACTION Princ PLE NOT 


MAXWELLS EQUATION CAN 
IN TErMS OF ant FleidS. The ACTON IS GivEW by 


Action = 
z. ) medSec + INTErAcTON TERM 


Sum INDividUAL Acnon tT SYM INTEFACTIONS 


SoS 
To Keep recATwisTi INVATIANCE | WL WRITE The coordinates ot 
AN CVENT, (t, 47,3), IM TERM ot The PATA METER KH Such TRAT 
The PATH IS Thew described by A Four vector 


TLAY XCKI, YOK), FER). 
Gul), The proper NmE ALONG The PATh 15 Given by 


ds*= dim d 5m 
si, dS\" _ (dpa) / da 
S) = ()(& 


We CAN write Tne FfiryT TEM AS 


Z\ m [ie dae da 


é dx “4x 


This ACTION 15 Varied When we TAKE Our MininuM. 


IAS 


Now we consider The case of Two PArTICLES MOVING ON Their a; 


réspecnve PATHS @& And Xj And (NTErACNNG@ AT The SAmE TIME. The 
INTERACTION TERM 15 Given by 


Eee |) ol (jae - Zaza) jah] 9 dda 5° i 


BA 
(Mo S€i4-AcTios) 


The SQuAre DELTA tuncrON impuleS The parncles NEVE INTEACT UNLESS 
They ATE A Specific AisTANCE AWAY Given by The SQuare of The 
Proper DisTAnce t*-x*- aed te Thus The TAL ACTION (5 WrlTT ew AS, 


S> =| mi 3 ye dw t a ec NCIC: “32 )034-34)] diy dy dls dd; 
do" dad 


Just for fom ro see if we can deduce AN? Thme from This Mess LET'S 
CONSIPER A CASE Where ONE PAYTTICLE !5S AT TEST And The oTher is 
VAariéd, lets SAY The ONE AT REST 1S j And denore The Two TINES 
AS Tzad ,t? Xx‘ where we Know gu 70 
Aré Permitted ‘to vary, 


but X-lé), Teltl, 5 ect) 
The ACTON be comeES 


SRST EF + eff ser 


The InTEYACTION INTE GOFAL 1S of The form 


x) f(x) dx = 


ae (x9) dtdT 


ae! \ Where $C x6) =0 
a : 
YooTy + (xe) | 


The whole inTE@rAL redoces Quickly TO 
) ee! §[ (1) Gxre'-zy]dedT = Se! 
2cT-t) 
we KNOW The ONLY Time The INTEGYAL WAS A VALUE 15 When The AroumewT 
'S Zévo or when ‘ zs 
(T-t)t= Cx? ty 43 ) > Alt) 
or 


(T-t) = = ACh) Which hays 2 rooTs 
INTEGYATION Over bIG T bACK IN And GET 
\ ce! dr 
ACE) 


WE CAN Now PuT The 


Which 1) Just The Couomb porenriat for Two charoeS ar rest- 
The tST PArT oF The feTION 15 JUST The Kinenc ENEruy, 
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Another cASE Would be To vary 

. ¢0, 
ONE PfyiicLE ONLY, 470 6 3 (&) 
under The wFluences of Ait “th 


The ACTION for A ChANoE IN 
. THIS ConsIdERS The chance ind 
€ otTrer INT ELACTIO DS | The ACTION bevone 


S. 2 me { [dyn dys da + e. | dyy da’ Ay (36) 
da da dA 
Where wé hve defwed 


een ee . eee ue 
Avy al) = io é, JS Lge oy - ice] a dai 


This is A wave feecnon detwed iw SP4ce with hat Aduvauced And 


half remrded components. If You work ouT ALL The deTAILS Pou wie 
GET The set of EQUANONS 


Ey (me “pe ) 2 ec, Abe / Aa _ oAy 
As 4 J § d ky AXa/ ot x: 


The devwATives EnTEr IN The + 
EXPANSION ot The VATLANON ; 
Series. NA THYlOr 


Whar | have Then 15 MAX weu's EQUATIONS 


OA, = J Sr g ai) dar dx = fylx) 


* Sy { §(t-t') 5°( & - zy) 1 | fe 
{ 


x 
MY Proot wil be comPlere If | Show ThAT 


az 
Os L(x G+) (Xa- Za) = S4Cx-3) 
Which | cAM DO bY Consider The SOLUTION TO The WAve EQUATION 
Ow = set) $x) 
With The Purse AT The ortoiad. The Solunon tS hAtt Advanced 


ed MALE weTavded (Seer) + Sttta) 


ZA 
with hAS AS IT Green's FUNCTION 


ae ” 
Y= + [ Set-at dleray] 
PirAc PoinTéd OUT The righT Side 


6 €t*-at) 
So we hAVE Proved The Theorem. 


iS JuST The GQuIVALENT of 


FoR A Good AccouNT of The devecoPmMent o+ FernmAN '>s 
« 
View sf ELECTRODYNAMICS See Physics Taday _AuouvsT 1466 The 
Development OF The SPace- TIME View of QuvANTUM Electra - 
PynAmics” be R. FeyrumMan. }2 7 


The MAxwElLL EQuATIONS ga Ie ota eaatse 3 


(‘lt STATT ONCE AGAIN bY WHITING DOWN All The LAWS ot ELELTYODPNAMICS 


mA = 6/66 =» AUHs f ftz,2-*%e) SW 
z {TN €d Ylir 

a q a Pleo _ - Pcs th + § Pca t- Arle) sy, 
E--vqg - 24 AT €0 Air 

ee {x B 

Bz VxA 


WiTh These LAWS WE CAN Go IN MAN? DITECTNONS. Foe INSTANCE we 
could sTudy Phenomena ocgurrine 


tN Short disrAwees or 4S CVO. 
This imPLIES STUCYING QuASi STANC Fi€tds witich INVOLVES ELECTTOSTATICS, 


MAgNETICS And INMUCTION, We coutd STUdY The GewerAl consequences of 
These CLAWS wikhouT GIVING Speci fic Exfmpres- ThiS MeAnS wriTinG 

MAxwett's EQUATIONS ANd The LAw of Ewercr CONSE VATION. The oTher 
Area of INTEREST Would be The cAsSE oF LONG DISTHICES OY The wAVE 
Zones, Here We mMoST concern oorsecves IWITh deLAYS of EffecTS, 


| Th ULL TALK AbouT Mitkweil's EQUATIONS bechose we have done 
ELECTYO STATICS And You Would GET bored 72 Go Throush MAGNETICS. Besides 
You ALL KNOW The MATETIAL ANT WAY ANd Were VEST PLAYING GAMES. So 
| most FintSh The Above ser of EQUATIONS, If I STArT wiTh The S$ 0270S 


Acie) , Pet) And The Laws for E ,B, And ¥, l caw deduce MAX weie's 
EQuANOWS, First ImusST Add The ASS UMpTION TnhAaT ChaArce IS conserved. 
This CAN be wrilTen AS 3 en 
ls, a Veg 
ot 
If ‘have a volume of charoe, The Tome Chftroe IS Givew bY 


Now Tre rare of chanoe of The chfArce inside, da x ts EQuivalewT 
TO The Stow of chArce Thru The SorfAce, Ke, 


dQ ¢. \ed¥ --\ fads 


Bur by Tne purer’ pAThe MATICAL PrOPOSITION GAHUSS'* LAW The Surtace 
CAN be chANGED TO A VOLUME INTEGYAL SO ThAT 


fagav = - (veg oY 


if we ASSUME The volume 1S Fixed. 
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Be cAvSe€ we KSOw WhAT 


%P/3zt 
dernvanve of The scaiAr PaTEwNAL 


Equals, lers CALCULATE The TIME 
* ieeereee / 
a9 e iy | 7 An 
“Ae : j Zt ee dM = = Vie § CR, t =) Jv 
4Ti fo ie qT €y /tir 

l ost be careful Wheat | TRKE The divercence of q- The operator Ve 

Only works ON IR. Nor ON Are which ts Afuwcnon of Ri. | want 

8/5_- At és Au which MEANS | WANT 

. t *\ 
[Me = 4 oR &) |, 

SUPPOSE 


a - LR 

er: 

I comsid€r Some idiot THING so ThAT 
ad 


—r aaa (CR, t- 


2) dv. = ae § Re, tS) dy 
4 ti€as Air 

The LAST OPETATOF ONLY WorkS ON Ai And The reto re, 
Taio Terms (GeT from The First 

The whore AtoumenT, 


feir 
compensates for The 
(NTEGrAL Where 
currewTs, The firST TERM Recomes Eero. The Second Term CAN be 
Expressed AS 
” We) G(R, t- 8) dir 
$O WE hAVE 


ATi Go Ace 
¥g = -V-A 
ot 


Ulet V2 work ow 
if I chanoe The frst iptecyac TO A Surface 
INTEGrAL Aid LET The INTEC ATOM GOTO INHNITY Where There Are NO 


om t 
| Actunuy ViA = "ce ol 
TiS 1S CALLEd A Ghuce TrAnsformANON And reLATES CP Awd A. 
Now recAl ThaT B 
WAY, 


B TxA Aud we cAN Ex press 
Compure The curt of Bie 


i tN ANOTher 
VxXB > Vx C7xKA) 
BY nAtThemANcAL Id ENTITIES 
Vx(Vxd)=-V°A + VCVA) 
This comes from The reLtaTon 
Ax(bxE)2 beac) - TLA-b) 
Now we NOTICE fro Ou STHTING LAWS 
aA - VAs: oe 
at* 
Se We hAvE . 
VRE e df, - 32, - WSS 
= Sie, A 


Now leTS cALCULATE VE _ = 
ie ne Fe =p) =- 13 - v'@ 
V-E = ot t 
e. OSE V-@ Siuce —V'A = 29 
ot” ot 
Ther e for ¢ ee 
Ve = Cle 
TRS (S JOST 


ELE cTVOSTATICS. 


sme V(VXA) =O we wd VB 20 ASthe Third 
Haxwert EQUATION. The LAST tS found BY TAKING The curl of 


E, Txeé 2 - Vx (Vq@) = ae 
Vxeé = -28 
ot 
Since WxCVP) =O, The X compowenT Lor Ex Ample 1S 
ae - ag 
ee 


The compreré set of MAxwect'S EQYATIONS 1S wrilTeN AS 
W<6 = es V8 =0 


ae ==- = 
- ~ OB = rT 
VxeE = at er V KG Je 8t 
These four €QuUANONS PLUS The CONSETUATION of ChAroe fpULE ConptleTety 
déscribe The ELECTTOmMAGNETIC fi€Ld PhENOMENA. The conTYibuTlIon MAXWELL 
MAde To Ef£M WAS the Addi TION of The TERM SEsy, which he 
Né€ded TO Avoid AN INCONSISTENCE IN The SET of EQUATIONS. WiTh This 


TERM We WAS ABLE TO EXPLAIW A WhoLe CLASS of Phenomena. A 


TO Show how This NEw Term works Suppose we t 
ARE Adding Cha4ree To A SPhere of Seito And IT IS “ 
LEAKING VAdIQLLY OvTLuArd So trom 


Sg a 3 : 
Ve = - 

4 ot 

we have aQin) - 4m Aa* fa) 
* a 

oince T CAN'T HAVE ANY PAYNcuULAY givecTION AYouNd A Closed Loop on 
A sphere VX B =O . BUT E = Qir) /anesat So That 

aQi= ANGoAr7 DE 

3t IT 
Then OE oe Seo . The Too Sources Cancel ANd 
aw ot 

Vx +0. 


h3t 


ret: Voli chapteR 2 
FIELD ENERGY 


Now td Lik—e To TRY To fing OvT AbouT The conSERUATION of ENERGY. 
| CAN GET Somewhere in Thig STidy iF ( Suppose ThAT ENERGY IN SPACE hAS 
A certain density We wilt CET U €Quat The or represewt The ENE RGP 
densitY ia The Frecd, bd, THE AMOUNT Of EVERGY PER UNIT VOLUME, LET 
The vectoR S vepresenT The ENERGY FLUX Of The fiEecd Ct.€,, The Flow 
of EweRoY PEF Umit TIME Across A UwIT ATCA PerpendicuLAR to The flow), 


= 


S = Pornnne vecroR = Siow of CN Eroy 


cm‘ Sec 
SimilAy T The ComservaNon of charce, we CAN WriTe The “cocac “ 
LAW of EvECOy ConseruAT!ON in The freed 
_ 4 ( Ewerey side voc ) = Flow of Enere’ Thru + Work dowe ow mATTER 
dt sur face WSide V 


Since power = rate of doine work = AE The Quarry & 5: eee. 
EQLAL The Loss of Eweray Pe UMIT TIME And PER UNIT VoLUME. The Above 
CLAW Caw BRewriTe AS 


a ea = { SN dort +S&idv 
(Usdv +Segdy 


The (wErey eEquanon tor The E-m Fields becomes 


- ov = V's + Eee 


i! 


OR = 


FRom ThiS EQUATION WE CAN discov 


én the form for U #S 
wilt wor l€ This out. 


5 50 we 
Rec#ic from MAaxwei's Eguanons 


{ = Eo VXB = e088 
20 WE have : 


-aU _V:§ 2hVxGB)E - co &9F 
St ot 


IT ts €ASY ro rewrite The LAST FERM AS Wax (4 €0 E'E) So 
‘néo EE tS AT LEAST ONE PART of VU. Now iT TRKE A LITLE MATh- 


EMANCAL GYM NASTICS To GET The first Term into Some torm of 


A Diveroence, WE Know (VxXB)'E = E:(7KB) Awd Also ThaT 
laxb): € = G: Coxe) s0 we have 


V'CBxe) 


ThiS LooKkS Lime The AwSwer BoT ITS WONG, JT operATES ON BOTH 
Ad A where imiNALy IT ONLY Worked ON BR 


13d 


lf we define The OPERATOR Vi As The GrAdIEwT ONLY Workiae 
on B&B, WE CAN Fe write The Divércenceg AS 
V-(@xE) = 


Ve:(Bxe) + Ve Cx) 
Gewe BACK WE have E+ Vax, Since 
The LAST Tem 1S EQual wm 6-Ex Ve 


of iTS AreyvmewT, 


Gbxe > Ecxa and 
. To GET The operator tw front 
Be LEX Ve} > -B+CVeE xe) 
Thus we hftveE ee = ae. 
W(BxE ) 3 E+ CVxXB) - R-LOxe) 
Returnino TO Dur STArNNG EQUATION 
E-g > €éo V'cQxé) +té€o8'(VxE)-a (4 — => 


ot 

Remember from MAtKweus EQuATIONS DXE = -9B/y_ 
E 4 = ¢'€, Vs Cx &) - ? 
ce) 


FINALLY (deNTIFYING TERMS . 


U= €& ee + @act ag 
S$ = eae Ex 


(s«€ The reference for SOME EXAMPLES st how These fornuias work our), 
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TIAXWELL STRESS TENSOR 


Last TIME WE DEVELOPED From MAxweits Laws of ELeCTRO- 
7-R:0o VxB = 2b +4 
HAGNETICS: VE = Cleo , Vxe=-85 | V5 20, Vx8 = B+ Vo 
PLuS os pe + 4 AB To EQUATIONS Dev bine The €NEeEr6eP DENSITY 
IN Space ANd The rare vt Flow of encrey Around IN SPACE. The 
Two EQUATIONS Are: oes Bate 
Us (EE +B iB) 
Zz 


S = €ac? EXB 


IN The SAME Thine 
The rare of chance of Evercy of A SYSTEM of PAYTICLE IS AnALogouS 
TEM. CowSider for ExAnpl€ 


ass, mM, VELOCITY U And ToTHLe 
Number of N, The mAsS fowme ov of The bax Pex sec wel 
be nmw wheve mis The Kinetic “ASS NOT The vesT MASS. 
This 1S The Sfme AS The MOMENTUM 


DENSITY MV n, we can Now 
MAKE & Theorem ThAT The EN EY6Y flow , stY IM They Direcnon, PER 


S€C ts C* Times The MOMENTUM DEWSITY per vnNT volume 


a0 = Noeme* «= Aim vcr 
dt i-%¥ ee 
Ir 1S Some WhAT Awkward To Work with The lAwe oF soccruarion 
of ENERGY ANd ANGULAT MOMENTUM So we INVENT A NEW Thing We 
WANT To be Abe To Pescv ibe The 


fimounT oF MOM ewrum IN The x 

DIRECNON Which Flows IN The x divecTiost Thru A Suct, C€ Perpendicular 
TO X. We CAN CALL Tas QuMmmity Vyx, tf The x co 
f4iowS IN The ¥ of BIVECTIONS WE LIKE wiSe 


This IS QusT Like 
JusT The Time rare 


NINE NUMbers 
Second rANik. Thus we ASSYNE The Tere 
4 DIMéusionAL TENSOr 
WE ALSo KNow The Tim 
ENCvey | WE CALL 


IT 1S A TésSor ot The 


ys; MUST TEALLY be A 
Puy Where A And Vv Are 7, MF. RBechuse 


€ COMPONENT oF The force 43 'DENTIFIER wink 
Fav the STVEGS-EN Frey TewSor. 
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IN Tay Then M TELS vs What FLOWS MAmeLY ENGroy Ct), Homentum 
In The X,¥, §- Direcnons. A Then tDewn Fics peusiry ANd flow Ww Me xy, 
Direécrion , 


SINCE A ANY V CAN be Ep es, S€p Av ATELY sie Gua 
IDENTIFY Some TERMS. 
Tex = X flow of eEveror = 9 ChCExR)y 
ty =, YR we a ~ €0 CExBly 
K & > ‘ ‘ ‘ = 
t3 5 ‘ ! ‘ = tes chCE XB)3 
Txe = Density of x Momentury 
Tyt = \ u Y u 
Tht =<. “ iS) a ‘ 
Tet = ENEret DewsiTY = fe ( €-€ + ctB-B) 
Tx, = Xu of © MOmeuruN 
Tyy = X ity Ww Yy u 


Y flow of x MOmMevTUH 
flow of * if 


p) 


T x3 
IN MATYIX NOTATION 


ETC: 


Txt Txx Te Tay 


Tyt Trex. Try Ty 7 
: yv 
Tet Tex Tey Te3 


Now ThaT we hAve ESTAbLIShed The BaASic form of The maxwect 
Stvess TENSOR LETS see if WE CAN Go 


Back GNdet understand 
INSTANCE WHAT IS Txx? IS 


iT. For 


IT The stresses tn The Fi Etd 2? IF So Lets 
SeEe° it WE cAN Find AN Ex pression for iT IN TERMS oy The €cécme 
Amd MAGNETIC FIELCdS, IN tacT, LET'S Look for The GEeweErAL EXPrEssioNns 
tor Tur iN Terms of € ANd R. 

In A WNIT 


VOLUME of SPACE WE CAN Guess AT SOME YELATION LIKE 


d j (momentum dewsitY) AVoL = es oorflow) dSerface +- 
dt 


g MOMENTUM O1VEW TOMATTEL PER Sec, 
Tre LAasT TERM 


iS JuST The +orce on The MATTER INSIDE The VOLUME ANd 
cAN be ExPressed AS 


§ F dVov 
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Now The second Tern 


IS Some Sur face 
WRd when ChATGE WAS 


INTEGrAL Like The owe weé 
Flow ING 


ovT WARD, NAameLY 
x 4° n dSorf 
SINCE { 1S 


The current SENSITY ,WE MIGHT MAKE Aw IWTELLL OEOT 
GVESS. ANA SORSTTUTE for IT 


T (The Three dimeusionvAl ComponenT 
of The 4-vector $0 ThAT Wwe hfAve 
x) Tn d socf 


TauT Ts expression (S very con fuSING becAuse WE WANT The vom éUTUM 


tiowING IN The X dIVECTION ONLY, SAY, To be doTTEd WITH The vNIT 
NORMAL IN The Thveée divrectnons, 


Iw other words be WE MUST be More 
Explicit ANd WNTE SOMETHING LIKE 
7 +8 Tex Tie $ Tey % Tx 
x2 | xx Mx xy Ny 6 N3 
what | MeAw bY Tis Crazty Thine 
second 


1S The DST Gees'GOES with The 
Index. The fivST 


INdEx TELLS US WHAT IS FlowING. 


LET'S Go ON 


ANd’ consideR WhAT we have for The x dirécTion 
ONLY. SIMCE Txt 1S The mMomevTUM dewsiTy 
CAN wyiTe 


iN The x-divecr ION, We 
our LimMtle conStrvATNON LAW AS, 


d 


| Txe d Vol = A Te dSurf + j Fy d Vor 


| wovtd LIKE TO ChANGE The 


SurtAce INTEGYAL To A VOLUME 
INTEoVAL boT AGAIN We hfve TO be cftrefol usine GAvss' Theorem, 


1 Ta? ™ d surf = J Vor Tig d Vou 
Where The Divercence 1S 


T-Tx¢) = Sty 4 Wy vs 

ox oY 83 
RecAuse i Am COMSIdEYrING A UNIT VOLUME vortich 1S NOT ChANGING IN TIM 
We cAN wrITe The FOLLOWING diffeRENTIAL EQUATION, 


2Tx¢ = Olxx , oTxy + a Tks t +, 
at ax oY 


33 
Wh AT Ihave T DO NOW 1S GET THS EQUATION 
wiTh E And B, To Do thar 


| sTartT BY SubsTiTUNNG for 4x The 
TERM e ex + GxB)y SINCE F> pet irs. Since | Know MAXwELL!S 
EQVANONS | CAN SubsSTITUTE For @aANd J, he, 

nd = € Ve 


4 = €0 TAB = €o AE 
oT 


t 


INTO AN €X PressION 
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Re AVrANGING | have 
aTxe 4 axe , Sey , Tey = 26, * (i - 4,6 
- “e trae = eex qrS3- 43 4) 
Now | MUST EXPAnwd OvT ne LAST TERM, 
e Ex +(4¥ Bs - 3 By) = (7-E) Ex + [@x8), - 2€r] By a ECwnG); 253 By 
( hAVE TO STAYT UNYAVELING ThiS M@SS And 


(‘cd STHTT with The NME 
derivATIVES 
* E a & = 2] - 3B; _ 
Rhsidé = og Ex + ee aa 2 Let E3 By | + (&: =3, E Br) % 
Since 28s 5 VxE , we have 283 = -Wxé), Aes Gr 2 ix eS jase 


Rhside = 257 Ex + 267 Fs +S "4 a x By - & Br | + Ey ( a8 - oy 


& = 98 ~ 
eS Ss) (28 


9B aBx - 
ax ate + (23 Sr) By 
1+ t Add The term ee ae To This EQuANon (find Some Nice 
SsYNmetry 


From Which lL CAN write Ali The E TERMS AS 
> 8& 
aE By ty OK Te Gy - By ( Hy ~ 8 | re, ( - “53 ) 


The RB Term iS JST Uke Lua Ap, Therefore, | won'T wrilé a ovr. 
But we cAN wriTée This Expression IN A pif terest form YET by 
BreakinG iT UP INTO The X¥,5, COMPONENTS , 


e ! u t az 
& (Ar = pers 285) 
2 (G,E 

< y Ex) 

x ( &3 Ex) 


I'm off BY A NEGATIVE SIGN SomMEWhere bur 


1 CAN F1NALLY 
MAKE The IdenTIfICATION: 


Txx > & ( €x?- Ey - 6; ) 
Txy = - €0 Gy Gy 
Ix3 = - €4 6% 3 


This 1S NOT QuITe The Hnished ANSwEeR because Ido hve The 
T-Terms Which | forGotT earcien, jf & PuT Them IN, | CET 


37 


C - a A; Lu t au x . 
- SE, -er-6; + © (8x -8r-G, )] 
Try = - €o Exby + Dx By 

Tx * = €o Ex 6, 4 Ba By 
The form or EQUATION 1 have JUST DEVELOPEd CAN bewriliEN 
46LLOW ING Short form 


IN The 
Te s =e, (&67 Ts an 
A} ( = PRBS) + & Sy (GE+B G) 
In 4-vécTor NOTATION | CAN wriTE 


> Say 
oxy 
TWS TENSO & INUVATIANT CAN be writTern IN INvAVIAWT form USING 
E avd BQ. 


The Mak well STAESS Tensor Tay IS A SYMMETTIC TENSOR 1.8, 
Tay = Ty 
BrictlY | | CAN Show This is Trve. 


[fF | hAVE AN INFINnITESIMAL 
Arve WIT A force ACTING IN Tne + divecTION. This Force 


ANd 


The SQuAvVE STAYTS To Tern. BoT !T DOESN'T. There tS 


x 
CreATES A TOY QVE Abool The SMALL MOMENT Arma and 


EQUAL ANd OPeOSITE force ACTING IN The ¥ Directo” eas 
To PrevewT This MOTANION And Thus Prevent ANouLAr MomMéwTUM 
from Bein 6 


INCY EASED. TO PrevenT DbiSTOrTION oF The Aref we 
NEED ALL fooR force T MAINTAIN STATIC equilibrium, 


Let's Look AT A SIMPLE SiITVATON Where To ChAroes 
coNNECTEA 


By The Lines Of terce: 
SupPose WE WANTEAI The 


AYeé 


ferce ON A 

PArncle AT POINT P, DYE TO The romA# MNONAL 
INvanANce Of The Tensor we CAN PosiTION 
our fxis So THAT Ey Ey =9 
ThEN € v 
fy =. =.= 


And E3 a6: 
> + & E* = 
Tyy > + = i T33 > 2 Et 
BY ItNTeGVANNG Tne STressey over Tre ATEA we cAWY Find The 
forces. We see , however, There iS A TENSION 
PERPENDICULAR TO The FiGud. 


in The diréecnon 
IN The Y DireEcTION There tS 
A cOmMPresSION EQUAL buT OPPOSITE TO The TéewS ton. Thos 
fiéitd Lines EPEC 
if we consider 
FiEid , WE CET 


A MACGNETYL Fretd ACTING wiTh The ELECTRIC 
ALL of €lecTYO MAGNETIC Theory. 
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bhave beew SlorPPyYy wiTh AY DimewSioNAL ANALYSIS And havée 
The eguANONS PremyY Messed vp. of COUMSE MY Speed of LIehT hAS 
been Assumed TO be uniTY for us Add | WANT TO GO bACK AWd PuT 
Them IN cOrvVECTLY. To Do Thar LET ME ShOwW You SOME E*sY NeWVAL 
WAYS TO GET ThiINGS STYACEhT. 


The ewere® tS Givew IN Terms of 


U= €o &* 
Since | Know E=F tt Find U= €:&*= €oF" . Bot from 
‘ Q Qz 
Covulrombs LAW F= Qt so ) find 
€oR*™ 
Ux F ~_ force = Tension 
Rt AYEA 


The rATe of Flow of enwerey Pe fren per SEC (5 GiVev IN UNITS of 


ae ee 


The FieLd MOMénTuUM of A NoviNno ChAree ret. VOL IT Chap 28 


SupPase we consideR A SMALL ChitvGe g radius a, MouIme ALNG 
A STVAIGhT Ling WITh vevociTY UV. If the charoe S ALL LocaTéd ow The 
surtite ANd The VEloutY IS Zero The enwevroy ww The fiecd tS Jost 


Tee = eo EY > 8° 
z 


32 T*Eor4 
To tind The TOTAL ENEGY over ALL SpAcE 
% gg 
Tee YIAtdA = gt e ne 2 
J 3 4, S7e0t? dr 8 Nii Eo & 


Now if The charce 15 MOVING WE h Ave aati POnee with The chareoe 
Ai mMrewenc fretd R= & x€ , Ths chanees The ewersy density. To Awd 
how much Achnnee we * Experience LETS CAICOLATE The mOMEeSTUM IM at 


The HELD to first Ordenré, = “5-> 
= = E 
= €6, E'S:5 =e 
Since E= @Q The mMACNITUGE OF Bas © > Ne 
quesre a " 
Siz V sine 
Tone cr 


We whwi The MOTION IN The K dir&NOM Sd WE Né€d Awother SING 
2 Q Pina 2 
4x=  €o (Pon) = 5n'@ 


The TOTAL momen TUM iS 
Pp: if Qe LA sin’@ 2iR*OmEedodra >= 2 3 
c 3 


mS ith 
i 4 
G lei*égnr qu Fo act 


— 


toe 


The €léCTYOMAGNETILC MASS ot The S¥sTem 1S Given bY 


uw 
Met. > 2 Qt 
S 4iéoac® 
Acordi no To fELATIVITY WE 


KNowW MASS find ENEEY Are ONE IN The 
sane THING, 


u= mer 
where MS Mec. Since WE AlYGidY found U 
‘ 
u 
Merec md x = ! g 
G 
we Find The Two MASSES 


8 mresac* : 

Ae MOT The SAme ANd WE Aad oor EQUANONs 
Don'T Work. Bur we hAve forcoten someTniNG - The “somMETHING holdiNGe 
The chavee TwoeTher. We hfve Assumed The repuisive forces «Nv The 
chArce Ave JUST HALANCEd by SOME INTERNAL MEChANWISM Hold ING 
IT ALNLTROETHEY, The NONELETYLCAL force) Ave CALLEd Poincare Sivesses. 
when we Add These stresses Td The ElEcTYOMAGNENC MASS , TELANVITY 
becomes CONSISTENT AGAIN, 


/4O 


Vou. hApTe 
The POTENTIALS fromA MOVING ChAroEe Bi dle Ven Apher ie) 


LET'S ExfiminG NOW The Fields Produced trom MOVING charces 
Awd TO DO ThAT WE MUST FINd The VecTor find ScAlaAr PoTavnats. IN 


Pirticutty t WANT TO Find The pormnwNAtS very far fvom The Source where 
[wit wonor€ TERMS IN YRt and onLY Keep Those THAT Go AS DNE 
Over The DiSTANG. The véctor Awd SCALAT POTENTIALS Are GIVEN by 
ek pe. gee A 
Acg.6) s | CCR t= *es sy. 
VTi€éo Arr 
x R, 
PCR, t) = 5 CCR, f-P%c) ay, 
9Mes Are 
Supposé in Some LIMITED FEG 10H of SPACE There IS A SMALL Blob of 4 
ChavGe. In The Chfirce Acerecate we ESTRbUShH A CoordI/NATE SYSTEM. 
The Source inTecrATION 18 OVvey The rfWee of Rr. Now Qir 7S Nertr 


ConSTANT ANd EQUA TM R. However, There Ave SMAL del Ars which wre 
WAVE IGNoreD,. Then A comes ovTt very NGATLY 


ee ae | J ele 


The INTE@rAL BEING The TOTAL CurrveNT. 


If 1 Assume Now Me chhroe 1s AN ELECTYOD MOVING Alone wITh Some 
VeLtoct(tTY We the N 


Jj dv: Spydval = Qv 
So \f the Electrons ATEN'T Gone Tro FAST And WE ATE FAP ENOVeh 


A aaa a ~ QV And g-2 
an er 4ieofe 
lets be nore specific ANd see WhAT APPROXIMATION we have MADE Md 
What The correcT ANSwer shoud be. To 6e7 # tee l for Whar We missed 
consider A SINOLE CUbICAL ChAvee OF ELECTYON MOVING ALONG The X 


Axis. IN find INO The POIENTIALS WE MoST Worry AbouT t - Atr/e, 
Suppose The cube hAS A Width fa" which 15 mueh LESS ThAN 


the distance uz. The TOTAL Chavce cONTHNEd WW TWiS cube 15 Q=0a5 


At A PfynculfAr INSTANT we deTermine the $1ELd DUE tw Ths 
MoviWG charge - Bectuse The contri buNON ffOM THE bACK of The 
charce tS Bebe delAyed sliohT from ThAT BUE T The fronT volume 
ElenenT We MUI find The detnyed Effect: 


a 
The Tine delhy & corresponds to Mme a 
time difference that 4 Stensl EmiTygeED pore 
from (he RACK «FA TO the Tine the pee ee 
rom €LEMENT EMTS. “bots The LenGTh of fb4 
The cuhe pt chfrce increased by Me disTANCE moved duriné ©, he, 
b= ct? 


14 ( 


Bur duvinG FT The obyecT Moves A distANcE 
b-a = ve 


The effecrS comme from The charee ATE NOT INTEGratTed over & 
but VfTher b so Q # pas. (wSTeAd we have Q= Pa*b 


of 
b 
ae 
lr GNSY TO Show | 6 . k -seThaT 
a <€v I” Ye, 
2 eo ae. 
AT Es to Fe: {fe R CA- Det 


- @ | 
at Li-%.] 
QT Eo fv CA Ac®T. 
\f The vetocity of The charce 1s MOT divecTED Towhtd The obser veER, 
IT 1S ONLY The COMPONENT IN The ObServerS direcTION ThAT COUNTS. AlSo, 


the miALYsIS DOES NOT de Pend ON The ShApe of The ObyecT: This 15 Tree 
becmuse The ANAL ANSWEr does WOT depend oN “at! 


The flbove PoTENTIAS for A Po TChitee Are cCALLEd Tne Lieward - 
wilécherT Po©l€vNALs. 


A remark here: these PoTeWNALS Do NOT DePaul on day Thine ELSE 
Thr The vetociTY fd posinon of the ParncLe iw The pasTr: 
Seppose WE WANT To Find The P°TEWT ALS PST: 


Po T Some WEIrd 10770, 
Ifwe Ate Observey AT Some Time to he 


ANd AT t 
A PLACE Xe The liGhT We receive musST Me 


! 
hfvé orteinaTed AT Some Cime tN The pasT to, Ko 
T., AT TantT THE %, It ApPEArS The Charée 
1S MovING IN A sTYAl@hT CLINE woITh velocity W, 


The poTewTIALS Are The SAME if The c hharee 
foitows (T YTeAL PATH or (ft 


iT Mdves IN A 
SIVAIGHT CLINE. 


tf the particle hAS A STTAIGhT 
LINE MoTiom, WE Should be ABLE Oo Predict iTS ACWAL 
PosSinon AT Time =To. 


Since lhe ParvtTicle 1§ OOo TeANECTor y 


Tere but AT Xv ,we KNow The parncle dida'T Pursue 
Me sTVAIChT LINE MOTION, 


Te find The fields End B vue TO The MOVING ChArGeE 
WE muST deTecrmine 


| VxA 


ae 


The MATH IS LONG ANd The fresuLTS ATE SommMAritéed here: 


is oe 


The evectric Fi€ld 


eo = En! ae ( t. = 
Oo ele oe 
° 
ANd The MAGNETIC FIEld LS 


iS GIVEW by 


Bs aege xt, 


The fwST Term im The €Lectmc Held if JUST The Coyitonh LAw, en! 15 


The YNIT VECTOR IN The diréecTION of The Observer The prime 
denotes how far iT WAS when The effar WAS PAdIATEd . The Coutomb’s 


Law IS NOT CcorrecT SINCE WE do rnooT KNOW The INSTAN TAN E005 
PasiTloN of The Sour, The remrded TNme AY Tes vs how FAT 
IN The PAST neTIONS witt Effect The charee Now. 
The Sccond Term rt! Sa 
Eid ( & | MES & Mature gg Terie 
ro corvect 4 pers 
°F The wrdINE GOULEMb LontouranioN, Natere 
@uvesses What The richT field Should be 


: ANd Corrécrs 
NéArLY (o0-/o The SECcOoNd derivAinvE pecome (NPor NAST dor 
Lowe DISTANCE eff EcTS. 


The fiST Two Terns boTh vary AS 'I/Rt Soy cCAroe dISTANCES. 
The Thivd TEM 1S ImporiMor For Lone dismhNce since IT Dots NoT 


fair off AS URY, This Terms depends ONLY on The ACCELErATION ot 


The Umit Vector TO The Observer. AT LONG ciSTANCES ThiS TCRM GOES 
As UR pd GIVES The caw of RADIATION 


If We coNSidey The chATGe IS vndéereoINe Very SMALL MOONS, 
SAY vu? fad down, the LATEr Au diS PLACEMENT SS ALE), The Anoele 
TnaT The vNIT VecTOr E, js displaced 1§ X/n. Since Ais 
NeArey CONSTANT, The x compoménwT of Gn 1S yusT 


es “5 Ny *Fey 
qneor% aT Time 


Qy is The component oF The accecerarion PerPendiculfy To The tive of 
SlehT. tf The charGes MOVES IN ANd OUT TowlttdsS VS I(T Does NOT 
wieele And | Thevefor€, has No ACCELEFATION. 


LET'S See if WE cAN FInd The ecEecTtic ANd MAGNETIC 


fiecds far AwAr from A Moving chAYGe where The vecror 
POTENTIAL IS GIVEN bY 


— oe 


Asay 

4TiGo IU 
As Tine yavics SodoES R ANd Vo so when we tind © And 
B we MvSsT be cArefuct, 


La3 


Now 


B= VxA 


The fivst Term IS 


deTermineéd is The followine Way 
0 Ax 2 L QVx dt- et! | Ke pect _ QVx gr 
oY * zn: Y JAET 
a Q Vaer na Qr = 
eR rs + 
Here | hAve IGnored Terms IN ‘RY ANd Kepr ONLY Ur Terns. 
BE a Be, 
ox AT Eg /e 
Thys , ° — bad — 
13 > a xeo - Wy Ox 
3 Fen . d 
GENErALLY Chen 
Be - 2 Coxe ie 
4Tiev/L 
Morice AeAIM IT IS The perpendicuLlfe component ThHT becomes 
(MporMAnT . ALSO B is ProporTloNAL To The AccE LET ATIONS oF 
For the Eveéecrric fi€id we have 
E= 2x8 2+ -Q Ex CExa) 
AT Ed/L 
Usin@ TMHwe (dentiTY ax Cbyxc) = Bca-c) = clo b) 
pe eh ei eien ss 
4Te0e L SOS: 8) -a | 
Wwe cAw dedvce& This 


Ee 


8 


=> 


so lhe 3 COMPONEWT 1S Given by 


Dax — a Ay 
er Ox 


) 


vesutT SINCE 


25 OA XX 
at ¢ 
The fiest Term is EASY ANd Is JUST 
= s 
oA Qa 
at 


Tre Second Term 


iS A LITTLE Tovoher 


ATi€a [ve 


— 


becAuse 
V@=v og «x 1 
{eae i 
And we Spétl defttTh To The uN beLCever since wE Do not Keep “Ar 
Terms. WE DiO SIMETHING WONG ANd Thar WAS TY USE The WrON we 
POTENTIAL. we should hAVE vSEed 
Q~ & ~~ 
Vie (A- fa) 
EXP@NA ING TO SECONd = order = 
@ > Q Q’Vva ce Wl/c ) 
4c. fe Ghi€e /& 
WITh SomE MATA. WE CAN Show 
Voa= 2 ea-€) 
4T eo A 
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PiIPoLe RACIATOR 


TodAY | would LiKe To diScuSs Some ELECTYOMAGNETNC PhewomMewA 
INVOLVING LIGhT infrared rAdiation, X-rA¥S ANd GewerALLY Thewom evA 
of Laree NuUMber af PhoTONs. 

Suppose We consider A Chitree MoviING YP ANd dQww IN AN 
oOsciLl ATOTY fAShioN. The diSTANCE TYAVELED IN ONE OSCILLATION WILE 
be conSidered SMALL COmMpfAred To The dISTANCE LIGhT Wold TYAVEL 
IN ONE PERIOd. Whar WE ALE GOING TO STVdY IS A SIMPLE Dipole 


VADIATOR. 


WhaT 1S The fi€id OuT AT PONT P? WELL, we giready Know WhaT 
iT 1S, IT IS Given by The EQUATION, 


E = -~ $21 CRerarded) 
4Ti €o Ra* 


if we consider The SpeciAr cASEe of HArMONIC MOTION , The dispLace- 
menT of The ChAvGe 13 GIVEN by 


X= Xo Coswi 
Them The ACCELERATION 1S, 
Qa: - w*xocoswt! 


‘ 
where © =C- ce The vetivded Time, It we PoT This INTO The Above 
€XPFESSION FoR E And Provect The fiecd Normal To The LINE of SIOhT 


we Ff 
ini B= 3 w° Xe sine cos wlt-R/c) 
4Téo Rc® 
The mAGNEeTIC fietd (IS GIVEN bY 
B Ss - en X E 
Ce 
And would Be DitecTed intTO The PAGES AND have A Value of 
B2=- G Wi ke TINO cos w ct- %) 
3 
qT€o RC 


The INTENSITY oF The rAdiATION or The Eneror radi ATEd Per cmt 
PER SEC IS GIVEN bY The POYNTING VECTOR 


= at bee u 
Flox=S = goc*(ExB) = eacrE 
a ses ~— —_ = meee are ~ — (& 
Siuc€e = =ExG = ExCeaxE)= CEE) - Ele -E) =e l€l 
So The Enero? 1s rAd ATE VAdIALLY ANd Given by The sourre of E. 
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LT ntensiry Pe ie 3° smite wk costwilt - %c) 
ee 
(41)°€o R* 
But The 


INTENSITY 
of TIMe 


is TEALLY The AverAce ot The Flux ove A LoNo Period 
So we hAveE TT AvErAGE The cost Cerm wWeHich 1S JuST Yz. Thus 
Ts z* sinte W'x0 Yu 

(4n)*€o R® 

The Ener ey? That The Source cAn deliver decacAse 


AS WE GET fArther 
Awft + it decreases inversecy AS the sQvare ot The disTAnce, 


lf we were conSideyinc AN ANTENNA Where a Current ¢ = 


— x 4 WX» 
WAS CUNNING Op ANd dOWN, We could SupBsTITUTE For Xo ANd tind 
The (NTENSITY? AS A funcNon of The CurvenT, 


To £18d The teTAL rAdiATION 
To INTEGYATE The 


Av TAGE 


coming from The Dipole, iT 1% NECESSATY 
The ve 


INTENSITY OVER ALL directions, TWAT IS 
SIn*O@ over ATLL ANGLES. This 
1s O vAdIATION 


2 go § cer 3 


t musty 

1 Know AlréAdy iS Y3 because 

ALONG ONE AXIS ANd sci A*ANon ALONG whe other 

for ALL divecTIONS. The power oF The dipotre iS Then 
ae ue wy % | 

r = 5 Ko Ve 


4 Ti €0 
ThaT 13 >muenply IT wy 43 And IR* 
if 1wawr To Find The ENEroY 


IN The OSCILLATOR, | KNOW A hfirmoNnic 
OSciLLATOrT hAS MW ENErGce GivEN br The Sum of The Kineénc ANd 
POTENTIAL ENEVGY, h&, 


® ryt 
c= awe 
< 


7~_— 


z 
SUbSNTUTING For we GET 


E = m X08 W" sintwt! + mot yxo cos wt 
a 
Thos The TOMHL Power idiATed Per sec 


rs 2 gtw'e 


qT fo ™ 


‘RAGIATION DAMPING 


X , Xo COSWTt 


> mxtwt 


Zz; 
25 
BS 


vo. T chapT 3& 


le would Like To Find owt how Much ENETOY IS LOST IN ONE 
OSCILLANON. ThAT 18 TO SAY 


The chAroe witl wor oscucaATe forever bul 
EVENTVALLY STOP. WE haAvE To tind The Q OF The o&ciLLATOR Where 
Q = 


ToTAL ENERGY CONTEMT Of The oscILl ATOR 


ENERGY Loss Per vadipAuw 
fe) (a 


— - 


EMERCY CAD ATEd 1m TIME C Tan = feo) 
Q ENERGY CONTENT 


146 


There fore j 


%, gare x 2gew 
Q 4 i €a ~ 3 46am 
a 
ts g2 = 
ttwe sobsnmrTe e°= f*fyge, we hnrve 
tos 2 ee 
Q 3 mer 


The @uftity et ts The CLASSICAL Vadios of The ® ELECTRON And 


Lt 
@ivEN AS me : 


ihe 
To = > 282x710 cm 


€ 
mcr 
The QuawtiNN 72 15 Then, 
; C2. Bx107'3cm) 

Q A/an 
Fok LiGhT which hAS A whve lLewoT of SAY ezg04 Wwe Find 


y > 10°8 
And 1T TAKES fAbouT 108 radiAMs or 10? osctlLATONS for Av ATOMIC 
OSCILLATOR To lose Ye of its EN EroP, és, AbouT A Third oF ITS ENEro?. 
For X-rAYS WITh A~ lo 'S cm we Goer A TYEMONdous dAmpine SINCE Qi, 
Further the width ot The Spervac Lines 


APPYOXIMATELY iY av a 
Y 

Also we can PUT IN The MASS dt The weuTron Te tiNd The Q's 

ot MWuclemr vibrAnoNns. 


& 
3 


of as) ATom Are e110 Fw 


So fir we have onty consider The Special CASE ot harmo c 
MOTION. Moré GenervALLyY The Power YitdiIATED From A ChATGE Moving 
IM ANY Old fashion 1S GlUeN by 


—_ ise a ‘ 
Se , £6 Att hj). Bee 
| 3 ———— 

4T €o c3 3 IT EoC 

TWs dor mulA , However 1S MOT EXACTLY CtohT bechuse The EXACT 
Time when The Enéroy IS LiberATed CANWoT be Precisedy detined, 
We on peTEermMINE THe power over A foi CYCLE MoT A par7T 
otf ONE. Tre pitticolTy iS Séen Beier py CK AMINING ANOTheH~ 
FormnulA BivEN by A MAN MOVING by ColTR veELlocITY UL He would 


a 


3 


SAX P=.24- we « da 
$3 cr At 
Bur ; td z~et . 
e =£ © < Cav) + Ca-a) 
P 3 e* dt ) 


Over A full cycle The Ydt Term fiverAeeS To tero tt ANd P=P! 
The Tod VESYLTS fre The SAME. 
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Actuqut? | The secomMd & xPreSSton (S The correcT ONE, It ALéowS US 
Te Expusin SOME PAritcoxes The foTher formulA Perms. To see How the 
formul# workS consider A Chfree movING IN ANd OVT of A Fietd. Yeon 
ewTevinG The field The ACCELEYATION IS AbruprLY chANGed trom tevo 
rm some FNAL VALVE. And whew it cenves The Feud IT returns To ITS 
INITIAL ACCELETATION. IT 15 bechyse The TWO Chrees iN ACCEL ErATION 
occur Thar we GET A NET vAdi ANON. IT IS ONLY When A ChAToE 

is ACCELErATING of de ACEELErANNG Thar WE GET ANY rAdIATION. 


Bup why musST ACharoe rAadiATEe Power IN The The tirsT Pe Ace? IF 
we hAve NO Chfrce ON & GALL IT wilt woT radiIATE. Rot when A bail 


is chAreep There 19 AM ELECTYOMAGNETIC INTEFACTION BETWEEN The ple<€s 
ot chAVGesS Around The bale. when The 


VOL chap 2é 


bALL ts AT réesT ALL The 


8 7 
,o « 
oF KS 

—~ {Lb i 

~ ay) | 

= re eX \ A 


— 


4 b 


Pleces of ChaAYGE 


fEpeEw E@uaitY so The forces bALANCE IN PAITS. 
Wher Tre charce tS beiIne AccetéerAtéd Tre forces Do NOT bAlANCE 


because of The verirded EffecTS ON Each Plecem. IN (6b) The force 
en K due TO > depends oN The PosiNOon of 6 AT AN Efrlier TIME, 
Whew ALL The INTEVACNDNS Are conSidered The forces DO NOT CAwceél AS 
iM (C). The chfree e€xerTS A force on ITSELF TO hoLd bACK The ACEELEYATION. 
This force 1S GivEw by The EQUATION, 
FP. 2 @ Q@ ~ 2 A 4 TRA +t hoher Terms 
> 4u6é Te: 3 4ié0 
i we TEdeFING The MASS To INCLUd € The ELECTrOMAGNE TIC MASS 
Aud Thos rid ourserves of The INHNITY If WE LET RO TheN 
when we do LET RO we have 
a 
3 GT ae 
Since The work Done ON The chfroe IS JusT VeF we hfve The 
vy Ad ATE oS eee 
Power AS p- t@ Wa 
3 476 


Ir is The day), in The bootSIrAp terce Tar 1s required To have 
ENEPOY CONSETUATION IN Ad ATING SYSTEMS, WE cAn'T Throw iT AWAY, 


The Problem we CCéATEM ,Thouoh, IS The INtiInITe MASS OF fF POUT 
chavoé. To GET ovt of ThAT DifficulTY we MUST MumbLe A LOT. 
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) inténded To STArT TO Tete You some wTERESTING FACTS AbouT TWO 
DiIpoles OSCILLATING ToséTher Ad LL DO IT NOW 


—b —a 


if The Two chfvees fre separated by A DISTANCE b The Field AT POINT 
P WILL be The Sum of The Two Dipole fieids Query The 


diSTiwce Ri 
And Re. Bor Ri ts conocer Than Re by Hsing. 


E a8 =r + Bz: 
Be <2 Gu Ct ey. . *F Qe.Ct> Sey 
4néo R, cr Al & Re c* 


SINCE WE ASSUME The OSCILLATorS ATE MOVING ToceGher we hAvE 


E= + £*xX. sing | cos w Ct - Rif) 


¢ cosw lt- Ri) 
4teoc” 


Ry Re 
If we PvT IN Ri - bsingo for Re or FirsT JUST Ri-d we hAve 


E = 3 W*Xe SINO [ cos w (t- Ri/o) + cosw(€- ee 
_ 
4né€o ch Ry 
Notice (fF t fewrite The cos Terms AS 
coswt And cos w(t+d) 


d 
| CAN GET A CANCELLATION IN f1€LdS TO First order Powers ot Ri’ 
ThAT IS, (F | rewRITE E AS 
E = §&*xke sino 
47 €o ce Ky 


lL will GET NO YAdiATION AT P 1fwh= Oday Since cos wit tA) = 
cCosuovcosA - SINWTESINA find A=HT. 


| cas we + Cit d) coseoct +A) | 


VF The oscillators Are siTTING ON Top of e€ftchoTher So Thad = =O, 
| GeT Twice The fierd of ONE OSciILLATOr AT P. RuT Since 


the Enévey Goes as E* Where E=26, | Sid 


| hAve Twice 
AS Mvth ENeroy Than | Would G6@éSs. 


we micht STUd? The efFecT of chéweing d To SOME Nice 
VALVES LIKE A AY NG ETC ,1.€,WA= S = nn, Since d 


iS much LESS ThAN Ri LETS fiNISh The ABpove EXPANSION. 
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uw * Xe SING 


gs Jae 
nN &y ct hh, 


| cose t cOoSwlt +A) + a sw (t+A) | 
\F 1 NOW LimiT MYSELF TO rAd ATION which decreases A YR, t WILE 
forceT The LAST TERM ANd ONLY Pe CONSIder The HrsT Two. If | 
Expand The coSw(tt+A) out So 1 hve WS WE COSWA — SINWTSINDA, 
| CAN NOW WFriITE 

— g wiko SING 


COSWEt Cl+coswA) —- SINWt sina | 
A{Méoct R, 


if The PhASE ANGLE WA 1S T WE hfve SeeN That E= O. [fwe 
CONSider some oTner PHASE ANGLES LIKE w= Otn 47, éTC, WE 


see > wxeSine 
Ee ZZ ReOIne coc eye WA= NT where n= 0,2,4 TC 
ANégc*hi 
t# wad- 1 , 1/4 ETL: 
i 
gs gwtxe swe [ esr (1-707) -  «7o7smwt | 
47 €oG* Ry 
IF wAse TQ Sp 
FE - gw to SING cos Wt -Sinwet | = Said Xo S1N@ coset | | ~ Tal 
AT oct & 4qeactRi 
E = E.[1-Tanwt | 
it wA = Bi 
4 E. = Bw keSINe ee 
peat *3) - .Yo7s 13 
AT EoctR, L ( ) 7 l 
IF wf = Si ‘ 
4 E = J**XoSime [3 CSut + ToV Sint | 
qT Eo c* RK, 
\f wA = 3m ¢ 
~ E= J*xo Sino | cos we + Siut | 2 1 (tt Tanwt) 
qT €o ctRy 
if wA = 77 ‘ 
4 E = £0! xo0siIne [ Hta) cos we + (.707)Swat | 
qT Eo ct hi 


ISO 


Ref. Ferwmany Voll 


TWO DIPOLE OSCILLATOR Chap 27 


| wAST JO TALK About fA MOTE INTETESTING CASE ot dipole oScitl Ajors 
were WE hAve Wo Dipores WoOrkING TOGEThEr, 
DISTANCE SEPATATING The chAarees 15 


Syom which t AM obseruInG The MOTION. 


( will ASS oME The 
Much LéSS ThAN The diSTAWCE 


Recall if | hAvE oNLY one Charce, The ecectric FiELd ovT AT Pow O 


iS GWEN bY ox ad Pi Cratarded) 
4fi€2 RR 


Where © 18S The dipole momenT of The chATGE ANS ciVEN by 
For SimpticiTY Wtl AGAIN 


ThAT The 


x. 
ASSUME haATMONIC MOTION of The ChArce 50 
Di pore AOMENT IS GIVEN by 


"a = Ps etvt 
where e" WAS ITS USUAL MEANING OF bEING COSWE +éSINWE. The 
ONLY Term ot YeAL StenitiC ANCE 1S The cCosINé Term bur MLL leave 


IT IN EXPONENTIAL Form. Thus The eLectric Feid from one oSciléATOR 
IS GIVEN by es we Pe ane Pa 


Here thA#ve cALCULATEdD The field AT The retarded Time t- Ve 


And Theeedore, have #& PHASE fACTOr EWTErING The ForMolAn, jré., 


Y= w/o = PhASe ANOLE, This Phase fivele cHw be Expressed 
in terms of The wAvelewoth, A, in The followine form 
g = aR 


Now we come To The QUESTION Of Two OSCILLATOrS, MAYbE IN Phase 
mAY be NOT. The SEPATATION DISTANCE will be D ANd The DISTANCE 
to The observer IS m@ch LAreer Thfy “PD So WE consider the Two 
oscillAfors AT Tre SAME POINT, Bot LETS be cAretue! The fieid AT 
Point O 1S the Superposimon Of The fietds from oscieennr 
| ANd 2 And 1S There fore | 


€ = E.v€, 
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Consid€R The simple 


CASE Where Te OSCILLATORS AYE 
find ovT of The PAPER. Remember 
ACCEL ETATION 


MOVING IN 


iT )S ONLY The component of The 
Pex pendicucar To The LINE of SIGHT ThAT IS Crinical. 


Thus we hAVE Maximized The etd IN This CASE. The Two DISTANCES 


Ry ANd Re Ave tT Their RESPECTIVE OSCILLATORS find PisteR GY A 
SMALL AMOUNT Dceoso where 


Rz = Rh, - Deose 
WE CAN wUrITE The TOTHL field AT O AS 
E= wt [ nei ee CwWRife Fe pe ttt fw hue | 
4tigs R 
Now Even houch Ri ANd Re ARE much GreareR THAN Dcoso, | 
CANNOT consider The PhASE ANGLES CONSTANT. SMALL VATIATIONS IN 


D chy MEAN bio PhASE chANGE Ewew Thou6h The ObSErutr wuld 
Never Know Che Difterewce. 


\ Am reminded of MY YouTRAL Days AT LOS ALAMOS When | WAS 
Wworkine on The bomb. | bECcAME RuITE Good OM Very PUICKL’ 
WOrKINe very COMPLICATED MATHEMATICAL Problems. | ChAtlLévced 
ALL MY ASSOCIATES To A DvVAL- If They (Ould Give me A probten 
pN F4TEEN Seconds , | CovLd GI¥e Them Aw fswer IN Three MINUTES 
To CorrecT VALVES LESS ThAN A PETCEeWwT Error | GoT SOME REAL crater 
oNn€EeS buT mOosT of The TIME cAME OUT OW TP, Bot There WAS ny Old 
coLLEGE MemeEsIS  Prtvl OWENS, Who wAS dlwAYs SMmArTEer Thy ME. 

He came over one dy And ASKEC WHAT WAS GOING ON, After b61N6 
Told , he SAid, “ALTIGhT FerwmAn Give me The TANGEwT OF 10 eg" 
I KNéw 1 WAS STUMped riekh]) AWAY - There was wo WAY of QUICKLY 


Sindine OUT WhAT PhASE Of OSCILLATION I'd bE- IN way ovT AT 10°°, 


War ALE Rrincs TO mMINd The TME 1 WAS PLAYING wiTn one of ThOSE 
rerrAacMibLe TAPE MEeASUrTES TWAT You PuSh A BuTTON fd The THPE 
fiues BACK INTO The CASE. BuT becHuse ot The 


woud ALWAYS FLY bACK AND SLAP MY Hand, | worked AWd Worktd 
oN HOLIING IT RIGHT TO AVOID The PAIN Bur wovhING workéd. 
| wevT To VAUL fiwa ASKEd how he held iT beEcAuse 
BoThered Him. HE Showed ME find for Séverfl weeks | KepT on 
TEATING Up MY HANG, FiInhucy, | ASKEd tin HOW HE DID IT SO 

IT DIDN'T HurT; HIS repty- Who SAID IT DIDN'T Hurt ! 


ING@rT1A The TAPE 


IT Ntvév 


BACK To The Problem. The ecectric fi€td cAN Be wrulév IN 
Tne followin = tore, 
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a 1 twt - ¢W Rif 
p-— |e" e + { 
4Nés It 


where | have used The fuwcTon 4 +0 Denote The QuANTITY 
-<wDaos@ 


ez CRoe * + P.) 


Since R mavde defined To be the distance To The CENTEY of 
The Dipot€ Pir we chy SAY RY Ri And The ONLY CONCERN 
Our SELVES WIT The very INTERESTING Term, Ff. 


41 ré€writE The PhASE ANGLE AS “enDdDcosEe aa 
iS of The order of A Wwe cHn GET d 
Difference. IN TACT, if D cose = r/z 
EQUAL STTENGTH Then Ff =0 


SEE WHEN Dcose 
A SUBSTAWTIAL phase 
ANd The Two vipores Are of 
sauce ee “Fw uy, IF D,itsec4, 

15 A And we vary The viewine ANGLE ©, Mme Frecd StrEe~cTh 
DISTYIDYUTION VATIES Is A COMPLICATEd MANWNEF AS WEGO Throveh 
21 radi Anws. IN The cAS© JOST MENNONEdD O = O or IT covtd NAVE 
been T. In E1Ther CASE Tre mevectric fietd IS Zero. If we 
Turn” O° To 8= Wg or 30/2 we Find Thar The PHASE (AG 
IS tere 5° MWAT += 2 Po 5 The dipole of ONE ChfrG6e EQUALS Po. 
Thevefove, The Electric Field is Twice wWhaT WE GET from one 
dipol© And The INTENSITY or Ewerey Flowine PAST vS IS Proportional 
To E-sQuaved £0 we cer 4 TIMES The Hiyx from ONE di pote. 
At fw inrermedifTe ANOLE oF 60°, we find Me Fierd ts Ta TIMES 
AS STYONG or The INTENSITY 15 Twice AS rear. 


HAd The oSciLtATOrsS bEEW STAT TEd 180° out of PhASE so ThAT 
Pi = -Px Then The vaives tor E AnotThe INTevs my would hive been 
teversed AT OF0T ANd We, 52, ThAT 1S, we NOW hve tevod 
INTENSITY PerpevDicULAR To The LINE JOINING The Dipocres. 


The FforLlow Me Filovreé show Tne Two CASES yuST MeéewTnioMed: 


27180” 
Ss ° 
° | 
©=270 a Ey @=40° 
° 
| 8=66° 
| 
6:0 a =o 
IN PhASE 1g0° our of PHASE 


rAdiANon PATIETMS trom Two EQUAL 
PIPOLES SEPATATED bY A DISTANCE A/z 


IS] 


The PréeviovS remArKS Show A 


vere 
of ELECTTOMAGNETIC WAVES - 


INTEresTING ChéaracTeisne 
They cAN bE divecntowALLy SENT dby 
Proper PHASING of ClosEeLY SPACED OSCILLATORS. Taur IN The Prior 
CASE WE SEEIN The Ffieures | WE AYE INT EVES THe ed IN 


BrofAd CASTING IN ONLY ONE direcTION, SAY ALONG @= Yo? tok 
The IN PHASE OSCILLATOFS WE ATE WASTING power IN The OTher 
DIVECTION. There 


iS ANoMMer CASY WAY TO overcome This Pro bLEM. 


Suppose we hve The folloWwiInNe ATfANGEMeENT wiTh Two 
EQUAL OSCILLATORS: 


a aad 
4 


tf BPOLE GZ is srMTéed AT G0° out of PhASE WIT 1, (7 sTAYTS 
OStHLATING A QUArTer of A CYCLE AfTer Number ONE ANd The SepATinon 


iS THCeE 1S /q we NOW GET A GrenTe NTENSITY Allows 6 =902 
} 
The YEASON 15 


A SIGNAL ArrivéeNG AT A PONT thr OUT ON O-:0° VECEEvES 

The stenAl trom # | A ShorT Time LATEr Thaw iT would GET finy Thme 
From t# 2. BuT Two iS SLOWEd “DOWN by A YO” LAG &O The Ffrecds 
ADD AGAIN IN PhAtSé. ALONG The O= 7 Line The Fietds CANCEL dbEChLSE 
A SIONAL LEAVING *} 


Ayvives AT The observer; when The Siena trom 
tL comes IN IT IS DELAYEd Through Afg buT LAGS MNoTher d/q 
And Jrere fore, dcstrucnvety Added tp #), ALONG © Tp and 3% 
witt Add To GIVE AN INTENSITY Twice That from One dr poce. 


OTher t.Ppole ArrfAys CAN be devised To EUMINATE ALL The 


WASTED POWEr Ad CHdMIATE The beam INTO The desined Direction. 
THIS 


1S Done by ADDING MOTE DiPoes ANd cleverly ATYANGING 
Their SpAciING ANd PHASING. 


The MOTE GENETAL formuLA for A Pair oF DiPoLe oOScILLATOrS 
woutd 


INVOLVE SCPfrATE Dipole MOMENTS, 


Pt yre’* ad R= mie 
Then The FONCTION F bECOMES 
rod. -8) ; 
es iepe™ intent 
where § «tS The Phase LAG bETMEEN Te Two o5ciLLATORS. The 
INTENSITY 1S GluUew be The S@vAre of F or 


rw ft ts Rl + Rl 4+ TIPLIMI cos Cy, ~-S-Pe) 
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The TOTAL PoweR from Two such oscillLarors 


The sum ef The Twa Independently but 


IS Trerefore NoT 
CAN be Four Times AS Laroe 
AS ONE, Such MiGhT be The chse ot Two r&divo STRNONS OPEVATING 
CLose To EAChOTher AT The Sime frequency, If one TURNS ON AT The 
PYOPEY INSTANT 17 Could MAKE The cosine Term e¢ro Awd The 
TWO STANONS destrucnvelr InTERfER,OR The could Add IN P hase, 


But ON The AVEFACE The TOTHL POWEr 1S Twice ONE AS OxpecTed. 


This 1s A YESeLT of The rindom PhASE TELATIONShIp Which ExiSTS 
be TWEEN The Two, AS The Power GOES IN fd OUT ot The MAKIMOMS 
ANd MINIMUMS, The? fvertoe TO UL. 


The preWious EXPLANATION of YACIATING Dipores helps &XK PLAIN 
AsvoThey ver? INTETESTING PheNOmMENA. Because 


AN ATOM WILL 
VWadiAte when The €ELECTTONS 


AvE DVYIVEN by Some ExTernAL 
force IT (3 POSSIBLE To GET Very LAYGE INTENSITIES From 
The ATOMS tf The bunch TOGEMer. This ts The cAsSEe for WARTEr 
OropleTsS IN The SKY. 


When They AGGYEGATE (IN fA YEGION Where 
There AYE bitlions Awd bitliows of WATEr Molecules MOdUING 
ToeeTner WE SEE CLOUDS. This IS Whe WE don't SEE WATEr 


HOoLecyuLes Above A StrEeranor LAKE 1. There fAven'T ENOUGH TO 
make Thew Presence VviSIbLle. 


lf The ObSErvVeEr 1S LOOKING vp AT The SKY ANd The incident 
SONLIGHT ExctTeS The ATOMS IN The WATE MmOLEecLLE TO rAd ATE, 
iT 1S ONLY The SuplighT That €aciTeS The MOMON PEerPendicoLnAr 
To ‘Our LINE OF SIGhT TnWaT 


IS i MpormAwT, Thus ontt A SMALL FACTION 
oF Tne WNCidewT 1S PoLAYited IN The yIGhT “DITECTION TO DO MUCh Codd. 
The LIGhT DrivéS The 


ATOMS AT A FrequencY’ WHICH MAKE blYE 
LiehT Move PredOMINANT. The TeoTAL INTENSITY From ALL The 
ATOMS IS €QUAL To The Sum of E4ch ATOM ANd This IS Pro porTiow AL 
To The wumber of ATOMS Per UNIT volume. If The ATOMS vibrATe 
ToGETer And Tere fre N ot Them The ToTAe evecmic Hetd 

ISN TIMES #5 STroNG AS OWE of Them. The inTEwsITY 1S N-S@uftred 
As much AS ONE ADM could puT out. 


When The WATEr MOLECULES CoNndENSE TO form SMALL pROPlcTs, 


They STArT TO Work CoGetThcer. IT IS When The dvpp LeTS 
VeAch A SI#C AbouT €QuAc TO 


$0004 Thar The INTensIT? 
VercheS A MitnimMuUA, SINCE A WATE MOLEcULE I'S A bOUT 2A in 
DIAMETER ,WE CAN GET MbovT 107 moLtecules IN TMS DOPLET. 
The wWtewsilYy Does become OviTe LATSCE ANd The Cloud becomes 
Visibte. (f Tne Droplets Are firdomly SPACED The INTENSITY 
is GreaTery THAN If They Are EvEeWwLY SPACE, zt 
Yoon 
Ll aay 
~~” 
153 Even SPACE rAndom 


T= N-efh PATA 
SQvitred. 


ATTEMPTS To mModEL ThE ELECTRON 


IN The PAST MANY OifferenT APProAches hAVE been SoOuchT 
To sArisfAcTerity MOdELLING The ELECTYON. We have Scen The 
difficuL Te ENCOUNTEVEd woITh The iInfawiTe Self Enervory ON The 
CLASSICAL SCALE. what 


ts The size of The eEcecTrOn® WhAT hfppens 
when incident LIGhT hAS A 


WAVELENGTH COMPpATALLE To AN 
ELEecTYUN DIAMETErs Wiel 


The hiGher resisTANCE Terms 


IN The 
seit -force Expfwsion drasncauey effect The 


dAMPING ¢ 

Rewernne for The MOMENT TO CLASSICAL CALCULATIONS, The ElecTON 
CAN be frov6hlY DeTermined by EQUATING The KINenc ANA PoTesTAL 
ENEYGIES LE., eet e* 

Re 3 
Ro = eS ~ Ze xo” 6M! 
mc* 

So whew we hAve A om The order of Ro We CAN ExPECT SOME 
fuwn¥Y Trinos To 


hAPPEN. UnforTUNATELY we hAve NO ExXPETIMENTS 
condecTed AT This level; This corresPonds To PhOTONS WAVING AN 


ENErGY ON The order of 200 MeV. This 1S STYANGE becHuSe The enerer 
Levél tS not Pidicvlously hich. 


Wwe have Probed ovr VAytovys TheormeS To Whvelenctn or disSTANCES 
S-10 TIME SMALLEY THAN Ro 


. Bot tM This very SMALL YreéGion 


we 
Need QUANTVM Theor’ To €xPLAW some oF The EevenTs TAKING PLACE. 
UnformmATéety That Theord 


(IS Modeled with & Post chAyce for The 
ElecTYON. ALL WE CAN SAY tS ExPEerimenTS verity The Theory To 
draw dIsTANCES on The ordev of 10°'t cm. Unfortunately The iweéermnac 
MASS Term 6I1YEN Above AS €"/Re ct poes blow-up AS Ro 7 O. 
EMEN The AcTUAL INEvTIAL MASS FormulLA When The 6LécTVO MAGNETIC 
MASS 16 iNcLUded cwerces since m x An Re. Because Che mass 
Goes AS An Ro A VARIATION ot 41000 ONLY cChANGES The MASS bY 
Zor 4 %0. So we 


have creat DifficulTY IN ExPevimEenTALLY vérityvine 
The vAYLOus models. 


jtn insert: What was wrong with the "ether" model? 


Ne one has MAde A SAristacrory Model of the evecrron. Nature Always 
seems To work by 


Simpler modecs ANd This confuses 4s. A Good exAnpte 
of This #8 our moded of The €Ther TT. EXPLAIN MAXWELS EQUATIONS, 

It WAS PosTucATEd THAT ELErTYOMAGNENC ProPAGATION WAS fH ciSTOrTiION 
of A&A Jeo LiKe subsTAnce CAhlled the €Ther, The vywfAmic NATuveE 

ot The Jeito would vied Maxwell's EQUATION - iT WAS ThouvGhT. ALL 
ExperimenTS HILEd To Show The presence of Aw Ether. So we oT 
Tiwed of The €Ther Tuecorp fwd Scrapped i bEechosEe IT WAS Too 
COMPLICATEd fiNd DiIDn'T AOVEE with sesliTY. The 


ModEL wAS more 
ComPLICATEd ThAN & ElectTromAGNETNE TheOrY So TT wAS WorTheess. 
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RADIATION DUE TO N EQUAL OSCILLATORS Ref. Voll chapi 30 


| Now wANT TO piscuss The radi ATION PATTEerN COMING trom A‘ NYMbER 
of osciiarors ALL OriveN To The Sime AMPLITUdE, ALL SEPArATED by¥ The 
SAME DisTHACE d ANd €Ach oSscilLATor OvT of PhHASE with ITS NétGhbor bY 
a The arrAY | have Proposed is Then The FOLLOWING: 


W 
e ae e e d _@ d d d e 
en -eg 


iF we wANT The field DUE To svsH AN Array far Away so Thar 
MEAN DiSTItNCE TO The AYrAy, R, 
LenoTn oF The ArrAY D= Nd, 
ot Ech fietd AS, 


The 
iS Very SMALL ComPAYEeED To The TOTAL 
Then we CAN wriT€ The svPerPposi TION 


7 a. gtwlt: icq- wdsine) 2i(g~ wd sid) 


where we have An cttecnve Phase Difference Y bETWEEN EACH OSCILLATOR 
Due To The SMALL VAYIATIONS from R To EACH OSCILLATOR, }.é., 


= ~ WdSING 
‘ied Malice a 


y 1s The bod IN Phase delAY ANd WdSING IS The VArrINGe 
PhASE ANGLE DYE TO The SPACING And © b ServATION dt RECTION 


wWé have Then TO SUM UP The foLLOwINe Seri 


Gd-i 
S= ite oS ae eee + © av 


GeomeETVICALLY TrhIS 


IS LIKE SUMMING A SEries of SMALL AMPLITUdES 
EACh VAYTING by @ 


‘ 
WE coutd Proceed Geometrically to tind AecsoctAnt on S bur LETS 
bo IT MATHEMATICALLY. 
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BY SIMPLE TEASONING we KNOW Wwe have A GEomEeTTIC series, IF we 
muiTtiPLy S be ef we nave 


a” ga Be Swen SO” eee 
Now subtrAcT S +t+70mM Bom sidéS 
F 2N 
(e* (je = oe - | 
OR zeny 
Se G. 
et? -| 


This Then is The Sum or AMPLITUdE OF This Series. WhaAT we Are rear 
AITER 1S The MAGNITUdE Or AbsoLUTE VALVE OF TLS QUANTITY. 
Therefore WE MmuST EVALUATE A Term LIKE, 


: L 

«be =+] 
This CAN be donc BY WwW MiNNnGe 

ia “eK “b -6Kk 

(eI) Re =|} > 2 oe og 
EXPANDING The EXPONENTIALSS we GeT 
Z2Ci-coso) = 4 sin * 2 

iF we co baAK TO S Wwe Now nave A brmulA tor The INTENS ITY, hE. 


The SQUAVE of The ELvecTrIC Feud, 
*n_¥ 
To Sin’ NN 


/ 


sin? Y 

This EXPrESSION ThEN YELATES The INTEWSITY ot A wWhol€é serieS oF 

OSKILLATORS TO ONE OSCILLATOF WorkKINe by ITSeLf, WE CAN Check 

Tas €QVANON To See tt IT IS vtIGhT. If N=0 ,The INTENSITY IS tEVO 
AS exPectéd. If N=1 , we GET The wtensity from one radiAror. 
RuT N MAY bE A hundréd Or More we SO WE hAVE TO Slud’ 
The INTENSITY for SevEerAL DifterenT CASES. 
Consider What hfppens if Weo or when Q = WESING , 

Perhaps, WE better LETe PW be AbouT Eero BIT NOT EQVAL TO IT OF eLS€ 
We wilt GeT 7/0. $0 for very smALL YP we MAY write if N 


1b LAVOE T a ny fe Pr al 
its wT, 


ThUS The wWTENsiT? IS N SOQvATEd WhAT ONE World bE if The? 
Au Added iN Phase, if Pr 2T Then we have [20 And The 
INTENSITY FALLS To f& MINIMUM, Bevond THIS PoINT The INTERSITY 
CUrVE BRuMPS UP Add POWN AS f FUNCTION OF W buT LATTER ON 
when W>= em we tind AvoTrer MAKimMuM, 


Y56 


The ptor of This function 


LooKS SOMETHING LIKE ThiS, 


a a “a ~—> 
We CAN APPrOXIMATE Some of The POWTS ON THiS curve It N 1S BIG Then 
wy 


ey iS very SmALL AN TO A GooD APPrTOKIMATION ftrouNnd The 
N 
MAiMUM, T «4 Sin” ad 


wr 
if we AYE AT yrs Then 


# I 


a ,4n* So we ALE AbouT 
Cx. \* 


tour TenytThs at The wy 7D The ep Meee whey AT We VN. The biceoer 
N GETS The Nftrrowér The fiveA UNdtyr Tre MAXIMUM. 


IT1S Possibl€ TO AYPANGE The AYAY So IT will be vert Powerful 


bot HAVE A LimiTed Number OF SPIKES, TnAT 1s, WE CAM GET VID Of ALL The 
MAXIMA Of 21,49, 64, ETC 


by cAvetully SeLecTING YW, if we PLoT 
ap AS A foncToN Ot 6 The vicwme ANGLE WE GET The foLLOWIN GurvE, 


d 
f+ wd 


G- ae 

7 
If d is mANY WAVELENGTHS we GeT A Lot Ot PEAKS BoT t4 dius cess 
THAN AA WhVELEN@? TR, TREN WE CAN LIMIT ourSELVES TO ONLY OWE MAW 


beaM. WE Bulid our AVTEWNA So The MAW BEAM fAUS WHIM t Ye of OP, 


WE cAN CALCULATE The haltwidTh INTENSITY AT Some CrincaL 
AnNete Go iN The followine WAY 
p- 22 sme. = en te 
Se 
Where 


Gives The SPIKES NUMbEIL 


The wid of The main beam Ao IS The width of The spike AT Ty So 


i ag Aww COs +A) 


= trek - 3 
if Ae 


ISSMALL , henwe CAN voriTE 


¢ - tod 610180 ~ Adudwse, ~ wrhk-T 
a N 


is? 


/ aS 
Bur This  NoTHiNG more WAN ©, Pesse2, / 
49e wd COSA = T / 
Cc N / 
oR 
Ae=- Wc 
Ndwcosd,5 


Since Nd =D The toTAL source width AND D CoSOo 1S The ProyecTed 
Source LENGIW To The Line Of SiLGhT WE hAVE AN EXPression tor The 
beta widTn AS A foncNONn of Wave LeyeTn ANd fray width, 


= A 
Aé i 


We cAN NOW PLAY ALL sorTs of GAMES find TRY TO TAYLOF The berm 
SWAPE TO our NEEMS. WE MIGhT WANT To SmMd0TH OUT The Side bumps And 
AccenTVATE The Everey in The MAIN Lobe. You mMiGhT destroy The NICE 
EVEN SPACING BETWEEN OSLLLLATOFS OF, Pech tps, Chinoe The Phise Some 
PAYTICULAY fiMOUNT PEY INCh. FuyThey IT 18 PosSiblé TRGoT? 4 continuum 
of chitrwe RUNNING MLONG H WITe Ad CALCULATE The beam deny PATTERN 

by WHITING some factor dericTlNe© The Phe ANd StYENOm of 
EACH LMLE ElLemewT OF Chityce. 


ScATTEVING from ANTENNAS 


We Shovid Look AT ANoTher cASE OT FADIATOFS WOrKING IN PhASE buT 
Mus TIME WSTeAd of BEING DRIVEN by A CurrewT or Loca force field, A 
DISTANCE Source CAN CYEATE an eEvectnic Held Which will drive The 
ELECTYONS TO OSCILLATE. This PhenomewaA occurs with LiGhT ANd IS 


CALLEd SCATTEYING, The INduced MOTIONS WILL GENELATE New WAVES 
And TS ts CAUEd A'S CAMEred wftve. Let's Consider An INcideuT 


LighT beam STrIBKING The AyTENNA AT Some ANGLE O, 


\ / 


EACH oscillator 1S ExCITed A ShorT PHASE delay LATEY Due TO The ExtrA 
DisTANCE rEQviIred for LiehT To Wweiveld. ThAT PhitSe 1S GlueW bY 


op > “8 SIN Fe 
AS LiekT STriKeS The escittATors And They rerAadiATe IN Some Direcnow Or, 
Tne Effective cof Phase bBifferewce IS NOW 


Ys Wd SIND our ae Wd SIN O10 
SS 
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From The PfFEVOYS EQYVATION We SEE STYONG CNTENSITIES OccUrrine 
AT Eve MULTIPLES Of UT, LET'S Consider The CASE When Y 72. then 
we hAvEe The condinow 


SINQour = S ING, 
Which for sm ALL ANOLE S KUUST 


Oour = Ow 
or 


Oour = 1 ~ Ow 
TWIS AS INTEFESTING Bechus€ When our = Qin This IMPLIES Tne Scaltered 
rAdiftion © iS PrOPAGATEd IN The Ste divecToow AS The rfdinted enerey 
from Tne drivew osciLcATors. 


IN OTher words The LiGhT Goés rionT ow 
Throuvch The Array And CAN | Perh fps, INTér fer wiTn The radiators 
when 


Oovr = 7-Om or AT THE SUPPLEMENT ANGLE WE GET ANOThEr 
scaireved wAhvé And This iS The retlecied beim of Lich. The foie of 
rEefLecTON IS The SAME AS The ANGLE of IWcideNce Thus When The 


SPACING between ScATTErs or rAdiATOrS IS LESS ThAN A, We GeT A rellecTed 
ANS TRANS MiiTed REAM, 


SCATIERED LIGHT Vout ChAp 3il 


We hfve come Then To umdersmtnd Vetlected LiGhT from A fNdom collecTow 
of ScAtTrers, For exampic, it The scaiter=rs Are ATOM 


LocHited beTWweEeN VS 
And The Source , They wit be Driven To rAdiAte bY The Sovorce fiecd 


Aid CYEATE Their OWN Fietd. This Fi€td ADDS TO The Soureg's fi€td 7O 
Give vs A TOTHC FiECD 

E= Esource T Escniperer 
Thus The oroin At 


Fieed ts 
rAadiArors, 


Modified DVE To The Presence ot The sé 
BECAUSE Tre INTENSITY of rAd ATION Goes AS E SQuATEd 


we See A CYKOSS Term APPEATING IN The EKPRESSION |, Esource E scaT, 
TAIS Cross TETM 


represses A Loss IN INTEwsiTe Suffered by The 
source frletd AS iT ACTS TO Drive The THdinrors. The rads Apors 


Pre DitwPed bye There own resis7TANce ANd Tho) WhAT we see 


1S MOT WhAT WARS ACTUAL Emitred, sty from A STAY AS ITS LIGhT 
EXCITES INTE mMediATeY MATEUAL. 


As A brief Summary of WhaT hapPens, becAuse iT 15 ImPporTANT 
To APPECIATE WITH TRE PrinciPLe of SUPEr poSITION WECAN NOW 
EXPLAIN VirTUALLY ALL INTEYACTIONS OF ELECTYOMAGNENC Waves Ad 
MATEr 
: The sources makes A teid, Es 


The tierd Es acts ow charoes ftnd Their monon cAuseés A ScAITErWG6 


The currewTS AviSine From The SCATICVING GE&NEVATE A New ttErd Esc aT, 
The ToMt obsevven field 15 Esource T E scar. 


L haven'r discussed The mechanism of How 
the New eid €E scart. 


The SCATIErTed LiGhT GENFETATES 
A\TS The ScATrEerers. 


JE have omer SAid Such A field ExtsTs AFTEY LiehT 
I'Lu worry?’ Abouvr The Mechanisms LATER 
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BY CONnstdé€ringe The réSviLTING field AS A SuperposINoNn ot The source 
fieLd ANd ALL dher fields Due TO ChaArces MOVING E+, 


e= E source t 2m © gach Charoe 
Aut OThey Characs 
IT 1S MoT MECESSATY TO modity MAXWELL'S EQUATIONS, IM Order Words, 
by Sv¥bsntTNNG A D And HR INTO 


MAK WEIL'S EQUATIONS YOU Are 
COMPLICATING The MATHEMATICAL TEPFESHUTANDN of A PhysicAiLy Simple 
Problem To UNdOY SoA, 


if We APProACh Problems with The Above vvTLooK Ther become 
much EASIER TO SOLVE. For INSTANCE, CONSIder A bLACK piece of 
PAPEr beTWwee N A Source itd The obSérVEer, We ALL Know The 
observer Moesw'T SEE ANY LIGhT COMING Twrouveh— bet why. If 
we Sav The field AT Tne Observer iS The fiecd Dye To The Source, 
Es, Then Somehdw The Chivoes trouwd uS MUST EXACTLY CANCEL 
Ey or*® €LS€ WE WOoVLd SEE SOME LIGKTR 


The ONLY Thine Around 
1S The BLACK PAPER, DOES IT CEWErATE h Fieid, - Es 2 


¢ How DOES 
IT KNOW To Do ThaT 2 


of Course, The chArces IN The fice ot The 
MoTiON bY The weidenT tieid, és, 


PAPEr will be ser iM 
THE top of The SheeT fre 


The +1€td pdue To The ScaTTévrers aT 


baanced ovT by The F1€Ld from The olmer side - 
the Péper Does have some Thickwess, 


There 1S wo résidvar freid CACHE becnuse 
There 


(5 EwOUGh opporToniTy to FiInAlly eer Things QuleTed dow. IN Ocher 
word Ey is soffkiewred ATTEN vfTed AS (T GOES Throuch The PA per So 
MO LiehT comes Throuch. OF course, 1 f The 


SheeT 1S Thin Enough Some 
CoarT wilt COME Trnrouche 


Consider ANoTher cASE where WE WANT Tre field from A Source 
PASSING AC Scréen wiTR holes IM IT. We Expect The Fieid To be The 


Sum ot The Source freld fd The Scattered LiE¢ 


d DYE TO MOTIOWS 
Wo The LITLE PIECES, The Field 13 fooNd usine© our x source 
Mew TooL, 


a ee ae 
LET'S puT PLUGS IN The holéS and MAKE Them of Monit 
The SAME MATERIAL AS The WALLS. Now we KNOow The 


Fieud E' Must be ESTO With The PLUGS - WE yusST 


Determined Turis. If we sebmacT 


* € = Estbwar 
E from E‘ wé 
eer 


X source 
¢ ‘ 
; E = (Ewa - Ewan) - & pee —o—1}—i-— 
If Tre holes ATE NOT Too smnic ¢ SAY Many WIVELENoTAS), 
Ewa * Guay <€xcept for ASMA Edoe Effect. So wecLecnne peg ae 
These effects ,we find Eoun E= Est Gum tla, 
a =E PLUG 
Thus The hores diffy Act 


Li@hT JUST LiKe A LINeAY Array of PLUGS AS 
Wwe hAVE diScUSS€d - AlLmosT . Remember we ONLY hAVE AN APPro x MATE 
ANSwer tor LAVGE holes. 


16D 


vol L ChAP. 3t 
SCATTERING of LIGKT 


LAST TINE WE WERE dISCOSSING The ScCATTEVING of LiohT From 
A LweAr ATYAY of ATOM AR OSCILLATORS, From There We understood 
Te PhenomenfA of DiftrACTION GrATING. We Would NOD LIke To 
EXTEND our DISCUSSION of such Firsr ScArrerme APProKINATIONS 
yo The cASe of A DiFtfused GAS 48. where The iwdex of re $yAcTION 
ls AbouT €9VAL TO ONE. Iw This CASE OF Matrer Ad LIGHT INTETACTING 
WE CAN leNOoré The INTErACNON Of The scATTered FfieLd bACK ON The 


Source FIELD. Iw oThey words = E scartered 1S Much Less Thatn Esource SO 
TO A DisrinT Observer 


= x s - 
Kobserved ~ E seurce ‘ Crarat from Sourle 
Atl ScAaTIErers 


Thi5 APPrOKIMATION IS WhAT We CALLEd The first SCAITETETING 


AP ProKIMATION, 


LATTER we wilt hAVE TO CONSIder The case of MATErIAL WIMmA 
hicher wdex of VEFVACTIOM SAY LU or 1-3 ANd DISCUSS Some 
TEAL MWINGS. tm TiS CASE The ScATrered fietd 13 NOT tenorfAble 
And we must tind OvT what effect iT nAS ON The TOTAL 
Obsevved fietd. WE Now hAVE TO Considey ThAT The fieced AT EAch 


ATOM 15 The sum of The Source hetd ANd The fietd From ALL The. 
NEtoh borin u ChArGes, 


LET'S retMyN to The case dt ScAlTerine tromaé DiluTe GAS 
iid study The simplest cASe of Li@hT STYIKING AN ATOM. The 
from WAS A Diftmerer which 1s much LESS TRAN The, aden? 
WAVELEwGTh. The ATOM WILL respond DYNAMICALLY 7D The feud 


ANd The fésuLNNe MoTIoM cAM be Described MechANIcALLY AS A 


SIMPLE HWArMonic MOTION. If Wwe conmsideved A dAMpED Monon 


Due w some VESISTIVE force, The TE\PONSE 1S deSCcribeD AS: rey 
eo ° a 
mx +MYX + mMwWXx = gE 
Now | must CAYNOM You RAT AN ATOM DOES NOT behAvE : 
AS & CLASSICAL WArMoWIC OSCILLATOR. The ATON Obers Quantum 


MechAmicAl PrepicNonNs which iS The better EXPLANATION oF how 


MATVCE rEALLY behaves. SINCE The Problém IS CASY To SOLVE VSING 
A kYMomC OscitlAror Model, Physicists chose TO USE IT. The 
SeCCESS of CLASSICAL Physics Depends 


Du The use of The proper 
Modet +tor The problem in @VESTION. 


14 The iscidenwt 


beam has an €lectric fretd strewnam of 
E>Ese'@* men the 


ATOM wll vibrATEe up md DOWN And radiate 
in ALL DivecTIONS. The f#Tom'S TESPOWSE TO The frecd 1S Clvew AS 


le 


X = (8/m) E. 


Secs) ee 
-W" +t We t cyw 

Now To cALCULATE The scamered fietd Escar, AT SOME POINT R 
AWAY from The ATOM WE KNOW The ULE From Previous LECTUres 


ee ee g 24 (t-%e) sine 
ane c'R 
SINCE X 1S GIVEN Above we CAN Find The ACCELErAMON Aud = PoT 
IT IN The GCQUATNON TO GET : ; 
cw - 2whye 
ANO eC 
EscatT = Eee (— is € 
M 4Teoe -w* + iw two R 
if we WANT To CALCULATE The INTENSITY of rhe VAadinren fietd We 
have To SQuAve Escart, 6 x 
nee 2 z z a 
{ «lal = S83 ) 2 2, | LEs| 
RE | mainecct(- wd Wet) 
This formuth® Gives The 


‘in* dependence, Sin‘@ oives The 4 DePencience, 
IT To & Sinote oscillator ANd The midd Le Term GIVES 
The PHASE DEPENDENCE. In order To GET rid ot some of these €xTYA 
TéeymMS WE will borrow The Cross-Secnon 

WE IMAGING 


lEol* campares 


iden trom noccear Physics. iF 
A beAM poINTéd AT Some TfrceT with A Cross Sechnon freA 


o, The TOTAL Nery PASSING TRroveh This SMALL ATER DEPGwRS ON The 
Solip ANGLE SUbTewDEd , R*dt2. 


The IMFINITESIMAL CROSS SECTION OF SCATTERING IS GIVEN by 


oe +* Gasser on eee 
4Néomch Ot lwy twee 


INStde The AbSOLUTE VALUE SION IS Vere imporTiwT 
Awd Should hve A Name bUT IT DOESN'T 


. It measures The deoree oft 
Te ScATTErer'S YESPONSE TO LIGHT. 


oid ns sIn*@ 


Tre QuAnntr 


4 we consider LiohT IN Air Where The 


watucAl fve QueNcies AE 
Mieher Than The incidewT LIGhT, WE caw disveotrd The w* iw The 
DenommaAjor and find The scatierine Proparhowal To w 4. Thos 
Licht of hicher frequencies by A facror of TWO,SAY, 15 1G TIMES 
More INTEWSELY ScHTITErEd Than The Lower frequency. Thid 1s why 
bLUE teehT which is About Ruice The frequency of red ClohT, ts 
scA#mered More And &xXpPrMNS Whe The SKY IS bLuE. 
ree pearAnzed LIGhT |W 


A GIVE diveemond 


( Eg,° Cre wt 


| 
we _wy% aT: yw 


o = 
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iF we WANT The TOTAL SCARITEVING cross SecNOM WE musT INTEGrATE 
do which (§ EASY TO PO. IH we recAl e*: Se 


And The San 

Siu*Q smtTeorates Fo “3, Then 471 €o 
o> Sm Re w 4 l i: 
s Cw*4 cotpco) 

where = Rot Ch = 28x Fem | The CLASSICAL ELEC TOM ARIUS 

mc* 

st 

OR. x = Si Re WwW 


—_— 


3 [ (w*-ws") e aty™ | 


TAKING The CASE for VETY Low NATUrAL Freguewcres CorresPonds TD 
COMPLETELY Um bound ElEcTYONS Wit NO YresiSTANCE be, The X-RAYS | we 
MAY wriTeé z 

o- om he = 10°%8 cm” 
3 


TALS tS KNOWNAS The ThompSON SCAITEVING CrOSS SECTION. Here we have 
HAVE ASSUMEd NEGLI GIbLE DAMPING, ret VoLL chap 23 


LET’s CKAMINE MOVE CloseLY The cASe where The fABR réesISTINCE 
TevTm 1S) AGAIN QuiTE SMALL Awd WE CAN write 


oe Snot wd 
> (Wo -us*) 
SCAHITETING BECOMES INHWITE. Tmis IS CALLED 


APPFOACHING VYESONANCE. BuT NATE WovldN'T LET US CET bY WITh 


INfNITE ScATTERING So WE REeiTert PUT IN fA LITLE DAMPING. 
tf WE cALL =-—w 


As Ww -? wea ine 


The ScAITEVING wemplitvde And PLoT IT 


-w two tlwy 
AORINST W, We would BEF Acurve LiKE The follow Inc: 


Sc ATTETING Amp 


Wao 


This js @ Prot of The rear parr of The ANPLITVdEe OMY, Whed W=Wo 


The funcNon BECOMES IMAGINATY Prvd QuMmPS To The oTher Sipe of The 
AXLS ANd EVeWTVALLY SETTLES DOWN TO A CONSTANT VALUE. 


[G3 


| caAN PLoTT The AmPuTUde SQuArEd Amd OGT A Corve LiKe: 


“/ 
au 

lAmP) = = ak 

z = . 

(ey, - ) -wy 


Wo ws > 
When Tne AwmPLITVOS IS CLOSE TO YVESONANCE WE MAY APPrOK IMATE 
The INTEWSITY AY 
se = Woh a w.* i 
(We-W) (Wotw) — ix| an) hag ee te | 
) = 2 Wo (We wt ) 
The Curve NOw LOOKS LIKE 4 


i 
: 
(\w-wo)* + 5> 


Whey Wwewo ANd FT is verv SMALL, IT is very bie, 

& = + Law , The wid Th of Tre Curve 1S YY. Since Y= Aw, iT 
Appears The frequency (tS Smefred over & SMALL LAN GE of vALES. 
when W iS within f Ue of We The INTENSITY GETS bio FAST. 
A MEASYTE OF The SPIKE 1S The Q of The curve. Previous lY We 
Sftw tThaT Q = We/ Au ; Therefore Q= We/y. To tind ovT 
WhaT ov © 1S TECALL @ for Aw ATOM IS ON The order of 10% 
For 4 =6000 A . 


= so" 
W210" crcce/sec 


When 


Y= 10 C¥el eee. 
v is Then 


Tae wid of Tre spectral cInes . Sid ce The ondLY LERSON 
Sor 


Loss of Eweroy IS PVE TO rAdiIATOoN YES ISTANCE, we have found 
me Lines dor A freely PAdtATING ATOM. 

AnN= X% = 4026 =z 1axi0 tm 
. 3 
Tris 1S The SMALLEST The Live widT cw bE. Due To who mocEewer;ries 
In Tre MATETIAL | Tre TESpOWSE TO Ffietds tS VATYING Awad Tre 
frequency becomes disTribeTéd Around wy 


Lv 
Tmax % ZA 


Since WE KNOW Now AN OSCILLATOr will VAdIATE Light Even it 


IT IS SITTING ALONE IN SPACE, WE Cfw tindouT what hAppews If iT 
1S SUBDentY Struck AN beings To osctllATE. IF YiS SMALL, 
WE cAN WriTe 


MX + mMOX t mwatX 20 


TTVING Tre SOtv TION X= Xo err we have 


-*>* Fira + wo =O 


Now it g& = Woteé where € 


1S SOME SMALL AMOUNT WE MAY 
write 


~ Wo - 2Wee ~-E* 


-£¥ Wo-cye +we =0 
, © cerns we And 


E€- €O/e 
Then 
a = Wo to O/y 


I@Noring E° 


The respomse iS Then 6ivEeW AS 


twot be 
A=Xo0e@ Ee z 
Where we should hAVG TAKEN K= Wo-E€& since we KNow the 


MONON IS To Re dAmped 0VT IN NMED ~ byT SlLOwtry. USING The 


value for 3 found on The PrevidvS PAGE, WE See IT TAKES 
_ Aboot 107 c¥cle for The aisTurbfmce To DIE To “le, 


You MiehT TYY Addine The NEXT TESISTANCE Term TO Tre EQUATION, 
1%) CX And SEEWhAT You GET. Now You wilt fsd % POLES, Wo 


Are AT Lido but The Third tS A very hich frequency IMAGINErT 


Yoo. 1 T GorvespandS TO The NME IT TAKES LIGHT Te Cross The 
ELECTVON. Now WE GET INT® Problem ModéeliINnG The GLECTTON. 
Quantum theory of Scatrerine 
ao agit 
If | Mow cat e* = 


eee: ae The ScATeyine Amplitude 
Mee N Wot we + swe 


for f SINneLe OSCILLATOY | 1 CHN EXTEND MY eSULTS TO AW ATOM Which 
iS LiKe A LITLE box MADE up of A LOT oF LITTLE OS CILLATOrS WorkiNG 


AT Different frequencies. \f There ATE 2 oscillAT ers tN The fiTom 
1PmAy witTE The AMPLITUDE AS 


f, L«, 

a az 

ScaT. Amp = © Cw —_- 
CS S wean pi whoa tea 

| have inTroducem A trecron Ff, fAvd fe depcnwe The different 


STreneTns of The OSCILLATOL AS compared To A NOFMAL ELEcIYON, | 
CAN NOW CATYT MY SUMMATION TO A LAroGe NYUMbET OF ELECITONS, be. 
FoTAL ScAT.AMP 2 < (-wt) > $ 


¢ *- wer cay 
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OG); Are The AbSorP TON Sreguencies AT EAChK LeveL IN The ATOM. 
MWe tae of EACH LINE IS CharAcTerted bY YY The gScitlATOR Sum 
FULE 1S Now UsefUL, IT SAYS ThaT +or AY ATM WITR A NUMber of 


Electrons iw suit a: 


Use Ts Line of ANALYSIS, ClasStcal Theory succeeded IAI 
PrEed\cTNG WhAT f& box Foll of harmonic OSCILLATOFS Would. IT WAS 
When €xPeVIMEWTS UN COVEred AA Number of bemPs IN The intensity 
verso? +veguency curve TAT ATTeWNON TOrwed TO MOdELLING The ATOM 
ON The hirmomic OSCILLATOY, HEISexbero Pursuved Tre Awfloey To 
WorK ING OVT ALL The SCATETING APPLiTUdES dbUT his Theory Sound iT 
DifficutT TO GET The Eneroy LevetS- He hftp To 60 Throvoh A 
ComPLinTEd MATIX ALGEbrA. Schvroedinoer, WorKkINe trom The 
bovUNd w ftve Theory, CALCULATE dA The Eweroy Levers EASILY buT 
for tT nard To GET Tre ScATTENING AMPLITVdAE)S, Then IT was roiited 
ThAT The WO Theories were the SAME, 
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FoRwARD SCATTERING 


So FAr we hAve omty bEEN Concerned WITh SCATTETING ALONG 
Some LINE AAKING AN AnolLGe CO WIT THE WWCidewl ClohT. WE hve 
hAve NOTICEADLY OMNTTEd ONE SPECIAL DIFECTION, I-é., SCATTERING IN 
The forwAvd pirécnow. There 1S A PhASE correcTION Which hAS To be 
MAde TO ovr PrEevioOVS ANALYSIS TO ConSidéer The VANIATIONS IM DIS- 
TANCE between The Atom ard The OFieiN of The sysren. The followInG 
Difleram MAY helP, 


sa 
The Electric fietd AT The ATOM 1S NOW A UTTLE oof of PhASE with 
The Driving HELD by qu AMounT e@ "8 Fuyther wren viewed AT 
A Very SMALL AneLe © , the Scatered Held Witt hAvEe A vALUE 


-2 é 
E ee w% : a 25 050 


E scalrer scATrer If 570 


(dedAy) 
ln other words the new Fierd Appears TO be The Field due To An 
Ghn oscilLLATor AT The oricin AS betore bur Now shiFTEd IN Phase a a 
fy AMounT Ay Ci 80) Where A 2 We. Therefore 
z -tkR3 (1-058) 
E scatter - E oor € é 


NormAley 


1f The ATOM +S Dis purrceD A LITLE IN The Y DivEcTION, | Ch write 
This FESYULT IN VEcTOr NOTATION. | wit vse The NoTANON ThaT K dewores 
The Prop CATION DITECnON Then § CAN wriTEe _ re) = 
E 2 =a | Ky ° R arom ti Kou, "Raton, 
scarrer = Eour € = = ,.@ 
tick cS K e fe. 
= Eoot © ne Jie Re 
This résottT Gives The diftrAcnon from AcrysTAL, For movecocAr 
Scairérino ' mat Mave A vVAriETY of DitferewT Sc@irerine SEnTEers 
EAch Pes ponding To The IMcidevT tHeid wiTh A YNIPUE AMpLitde ay 


We cAw Measure the sTrevGTh of The ScAtered Wave AS FA Po wcnion 
AK w t ( Keo as . R- 
here “x = iz. a; e Ser Kay ) ft, 
rs 
Escater = % E ise, DewT 


When A Re )W&, for R-AAYS , The ScATTEY IS InTEWSE anidedepend on Where 
Tae ATom are. HH KA Ar? WR , Then The PhASES AvErAGE dDYT TD btvE 
fA TOTAL fretd N TNmeES AS STVONG, 


Thos 
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CONTRIbuTEe) IN PhASE No mAller where The Atoms fre, 
IMAGINE TO ATOMS A DISTIWCE 3 find 5u + 

Fvom AW Oricin. If A Hetd comes dbhone 

iT wit drive * 17 be fore it Drivey #2, 
Te ne the #8 Cpe -31)/c. Since the a 
4iecd AvivinG AT Tre ovsevver IS The Sum 

of | A®d & They me 


IN Phitse. This (3 Tree because 
Emruier Thy & Ard ITS SIGMAL TAKES CRe-Z IL 


lf ScAtrerine occurs iN The forward Direction, The Kost = Kw, 
And Evéry ATOM 


P 
—— te 
( WAS ExciTéed 
Loweer To reich P, 

FIELD trom A Thin SheeT of GAS vet. VOLL Chapt 30. 

Consider A Thin SheeT of GAS beine drivew bx AN INadenT teed, 
WhAT tS The TesuLTING fiecd To AN ObServer. 
If The wid™ of The SheeT IS W Awd There Are 
Naroms / cc Then the Si€etd Shovid be me sum 


ot ALL The WWdividuaAl tieids, If Each ATOM 


Is comsidéred To be drivew AT The SAME treQuency, ¥ 
The, we cAY wriTE The tietd from owe Acom oP 
As ' z 
vw(t-4 
Boris, Sl wt (1&) cso e'” =) 
Gieoc® (-wrewottcuy) 
We musT inTecrATE over The Who ie surtice TO Find the Tomac 41Eld AT P, 
> ‘ R 
u & ri tw l(t- ce) 
TOTAL feud AT P = _ 3 ee Nw x 
Atom (7S twe't Loy =. tarda 
Ti€om ere nr 
Since an: por =~ WE CAN wrYriTée 


rdr-: pde And vewriT€ The wréeorac, 
= -2we 
I : ae e fe dy 

r=¢ 

This tNTEGrAL 18 EASY I«INTECTATE byoT A lime piflicut To EVALVATE 
- -2woo -2wWwe 5 
zs =¢& S ra 

: Pat) L ¢ € | 

~ §b/, ot 

The Tévn e CAUSES NO Problem bvi 


Téerm becomes INdEFINITE . 
SPEAKING Such A TEM KAS MEAWING And 


The surface cChAYGE 


-2 00 
S DOES. 
meAn § cs C~00) r The 


DINCE ane 
However , Physically? 


usually cAn be TAkEev 7 bE Zero. 
CANNOT be 


INFINITE IM ExresT, 1+ Me upper LimiT 
1S TAKEW TO be L frvd The LimiT of 00 APPrFOACheg , Mus TETM Does 
Aeeroach = ero. 
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INDEX = of Re tracnon vow. T* Chapt. 37 


Th i . 
Ihe FwAt fesuLT cAN be wrillent Mow, iw (t- %) 
E terunsa = CON Gow/__o— =, ° 
Scatter = Ti Em -W rude teTW | ew 


How CAW WE beEST INTErPerr TiS reESuULT? Some PeoPle LiKE 10 SAY 
That The Licht has A Modified wAVELENGM™ WSide The SheeT OR The 
Sheet has and index of of YLetrACTON N. WE can write 


dans ° dvac bY Aans > nN Avec é(wt~ 45) 
n ae Fi 

Sstnce The incidewT wave MUST MATCHA The | | 

WAVE iw The MediA: AT § 70, we KWow &= |, (wc- fae) CWT Rnd, 
Fuvthey MATCHING boundAre CondiTwaws AT 200 e is © 

WE GET | 

re aa ' 5 TI INZ F 
S i“ ) = be Ot Rune w) 
b = @ ? Cua ~ Ragas) w 


WE cAw wre The OVTGOING WAvE AS 


ay ee . 
E our wave = e.[ e~ 2" wy ax Tres 


Since WIS UNFINITES (MAL bt CAN EXpfwd Inc Hirst Term To 6€T 


Cour wave = Gol 1 - tA (n-1I) w]e Swe- Me) 
Thus we see Mme ouTcetne wave iS Tne Sum ot two Waucs. The 


fietd Eo eft %&) 4s gust the fource fiedd. The Second Fred d as 
The Herd from AU The ATOMS 1m The SheeT. The factor 
Ci- ¢ken-i)wl] Gives The iINTows1 TY ot The forward wave. 


If we comPAre The FESULIT JUST ObMHINEd WiTh The one previous LY 
@ivey AT Me Tp of Me PAGE 1 IS POSSibLE To 4nd N AS A 
funcnon of W, Le, 


N ge 


Zéom (-w'two* téwy) 


Ns 4 + 


A prot of yn As A tuncCrON of W is called The dispersion 
Curve. IT DiS plAYS Tne Sime WWNY behAveor Arowwd the resonance 
FréQuency, Wo, MAT WE TALKEd ABovT CAST Time. 
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TYPicALLY N>I 


ANd The curve hAS A Posinve 
SLOPE> Mis 


1S TErmMeéed NnormAl diSPErSiON, When 
wis very netr wa , che SLOPE IS NEGATWE And 


N decreases wiTn Ww. Twis IS CALLED ANOMALOUS 


DispersSlON. AccomprnyIne ANOMALOUS DS PETSION IS 
APPrectAbLE AbSOrPTION, 


uW> od 


DISPEYTSION curve 
The AbSarptiom cOMss AbouT becHyse N 


15 A comPLEK NUMber nd 
CAN be wt ITEN AS Te Sum oF A reRL find 


imAowary PArT, é, 
n> Na-s Nima. 


Ths hear GFN » (8 ,') . igh yw 


eel 


sean fF ee Ee ee ee 
zmee TC -0)2.4 we)* tCyw)* | Rm EOL ition)” wea 


Since The WAvés IN The MAT ErIAL VAY’ IN SPACE AS 


ee sey 2 
e é q4s ee e ae 
find subsnTunng for n » Na? The w five 


b<conm ES ProporMowAl To 
“ing &% ~Nr Y*St 
e rR t e < 


c 


We See A remArKAblLe Thine 


That the nut cows wAhve 1s Not The SAME 
SIEE AS Tne INGcIdewTs 


wave buT  WerKker, The rano ot The 
OUT GOING INTEwSiTY ™ The 


INGoWe 15 

Lor ‘= e tM ee 

LT on 
if (CALL KK = tny 2 The loenriThmic AdSOrp Now coethicient, 
The decrease im TL wim PewerraATIon E 65 

~ th 

d I OP a ie 

“3 
The 


INTENSITY of The puTGOING WAVE 1s Thos decreased AS mio6hT 


be ex ppcred SINCE The OScILLATOr 15 —Dfmpéd bY & triTen: Sorce. 
Ts implies A Loss of power which 15S 
DOME on Tre oserlca#Tors IN ShecT, 


\ cam find The worK vowe oN The oscillAtors dpom The 
EQYIMON of MONON F ia 
MX + MYX t+ mw X = g Ew € 
The Work pone by The force i Just 
X=cwyx . There fore, 


E@vivAlévt To The work 


éwT 8 


g Faw e xX where 
a ‘ wt 
Work = g ew. & w § e* 


~ W*twytde rw 
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Jo Need A LITTLE Theoré tN A MINUTE THAT 
complex NumberS QA Avd 6 Sar tS Giv& As 


| AW GOINGS 
SAYS Tne AVETAGE ot Two 
ab > A* b+ b*% a 
Tne Power Loss Per osciLLATOr 15 Giugy AS Tre real PArT ot tw 
eat ti © 
or wre Sa The TOL Power Loss Per OniIT ArEA 15 ig abe 
(- wt+ wot)+ rwl 
& ‘ : 
“Power tos 5 = ES inca Lae wy? i ia NW 
mM —_ 
[ Cut ran?) 4 $a? 
Now The Power IN The OUT GONG bem IS deTermined from 
the formula uy -% 
Eiuacy Beet on ( wt jee 
m \-Otwertty | 2H 
Tre ToTHL field tS re 
eu) aA 
Eprom E asi +t Exe 7 Cit) Eo e@ 
+ aa ak VW 
eee eke 
léel"Cittrtr + 


The TTL Power 18 Given AS 
(Girl ” = rEe,|* Cort) Cirf*) . 


siice FE x w iris NeotterbLe ANd WE fire Left wiTh 


ie to= eel” aoe) Teel 


The farsT Term 1S The weidenT INTENSITY And Tre Second 
lL Meed Mme ceac part of $44" And ITS 


Where 
corres POwdS To Losses. 


Rea (f+t*) 47 w wt NW 


C- wt wo') + Crw)” 
Bur THAT has TO DO WIT dediwvste 


VEtTor 38 !§ Wworns'7 
The consSeruAnon of 


lL nave SWSSEd 4p A 4M SOMEwWhere 
Te absolute power im Terms of lhe Polwrnne 
worry AleouT iT. The ImporTPmT TRiNne 15 Thad 
Enercy PES Heid twa WE crv AccousT for The pow Losses. 


CAN be PtcrréetD by DrAwine A COMPLEX DIAGrAM 
iMASINArY AMS 


EincidenT 


The LoSSES 

of The inciden® fwd ScATrered WAVES. AS resonance 

1S APProAched the Scf#Ttered wAve SubTrATY More 

And more trom The incident wive. Whiie tar 
ver Y SMALL ANd 


From vesowAwce Escatr. 15 
Frm <= Eime. 
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When we wrote The iwoex of TeHACMON AS A comPLey pumber, we 
SAW The wAVE ProPAGATING AS e (wte- Mee) a = Ee 


In ofher 
wordS The PhHSE WAS 


thaneing AT A 
Uph => & 

Maoh 
4 Net 7t AS for most MareriAls The Upr 
Bur for SOME CASES 


And Vph > C. 


VELOCITY GItUEN AS 


is les 5 Than C. 
SAP wiTh X-RavS Or Free ElecTYONS Nnread </ 


This toes NoT menu sienacs travece f#STEr Than C, but raTrer 


ONLY beats im The Wave Train, The raTe AT werich SlEnAls PropAc are 


1S GivGy by The orovp vewciry defined ay 


! 
Vers » dw re 
ve — 
dk Sh dus 
if W 
€ Writ é yn = {- +. fend ee - nw = w " Q 
w G c we 
VUcr = ¢ 
a 
{4 ore 


Now we hAVE been INCOMPLETE im our Logic here Wwe TO The 


problem of ANOMALOVS Dispersion Where The Width st fA WAVE Group 
9 wider TWhAN Re Frequency Bind AbouT Woy. 

WE cAN ESTABLISH A CONdITION Which HN hAS To SATISFY So 
we wever NAVE TroublE with SisNALS Gone fisTer THAN C, We 


Weald LIKE To Find Eenwougk AbSorphow So Mhen WE Go 


TarouGh 
TESONANCE THINGS wom'T GET Screwed YD 


LET’S ImMMGINE Men A Médium Throveh which A burst oft lishr 
TrAVELS And rATTLEs The ATomS, The dorwhrd Scarercd wAvEe IS 


GIVEN AS ea. = $(w) Es ett 


where (0) 1S CIKE The Parameter BH Efpuer DiScuSSEd. Now The 
Source tied Cin bE written AS 4 Fourier Sum 


Ede) = \ Ec) a Se 
INITTAL CONDITION 15S Evlt)=0 for t20. the 
Wave CAHN be UWrirev AS : 
as cwlt~%&) 
© for, = \ fiw) Eol(w) © “dw 
oT 
We'll firsT consider The SPECIAL source Fiecd where Se 45 
A det Ftuncnon , Eq ct) =>§Ct) . Is Tis cASE The doorier araNnstora 
iS A CONSTANT , CoCW) =], Thus the OUT put der A Suddew pulse caw 


b ‘> 
€ writen AS F/t) 2 \ $(w) ert dw a 6 tay € 68 
eT 


Where The 
for ward 


where € (w) = / 


ee 


Now The Probtem 1s reduced To ASKine AbouT The ProPpernes of 
iw). if Fit) =o for to , then Sore ly 


ae Fu) got a eS Ree 


oo 
Where € 1S Mud OAL Posinve QuAWTTY. Thus we Chw wriTe 
dw a { 
ss tw cu eb OD em 
re od “a e e at -o 


The INTEGr ATION CAN be done AS before And WE hAvE 


gs ‘eos $cw) > O Altiv, Any € ZO 
\ C£us-LP té) 
YEWRITING Alt =” ate = -2 Se. 
Lee cele = ) C(W-V)4e€E 
W-vte wi-v-ceE Cos-v)*+ €* 


The INTEGrAL Becomes 


a 


\j 


as co-y U7 


Or : 
tv) a [dw pv £cw) 
a we0 
(CAC And (IMAGING Y PArTS ot Fwy] 


\) 


The conciusioN here ts That The 
ARE NoT SePArA bLY deTermina ble . Once one 1S deTermieD, The other 


IS AS wees tf You Knew The index of redvaction , men vou 


Know ExACNY me AbSorpNON ANd vite VEerSA. 
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Jw Pri. VAive fos) + dw é olw-) fw > O 


RewnTING@ This ERPESStION WE dnd 


5 ae | pod oe = ine 


nett 5 


ee 
. im (-w* tea oh 4 2 Ted) 
Wis egudnon 18 cALLed The CcAvsius Mosoi EQuATION. Note 
smce N=! 1s ProporNowAL TY The eLlEcTYON density 
a 


iT FrxLLows 
Tne 


NenTer The ElEcTCONS Ave PACKEed THe biccer The ChANGE 
IM TAS Fracnom. Rut THis tS WoT STrickiy Trve SINCE DiSTorNons 


DYE TO COMPrEsSION Tend To ATEY The waterac frequencies by 
disturhimo The oscillators. 


The Above EQUATION Should give The SfmeE vEesSuiT for The index 


of vefyacnon Of A GAS Previouscry found. IF 7 «5 close TO I So 
WE Ch APPOXKIMATE Netz 


AS 3 And nt-/s AS tn-t), Then 
we ANd TWAT aed = % 
ct 
a nx ae Brel 


m-or ttt /T) 
This AnSutGr pocS AGrEE WIM our 


other ANS Wer. 
Norice AlSo THAT NN is A ComPLEX Number THAT cnn bE WHITTEN 
AS ; 

N= Netny 

The resuiMNe ElecTvic Heid Thos news iTS 
decnved ps 


e ~— ONIW/e : 
AS tT Goes 


fmplilude €xX ponéwnAlir 
Thar is ro say The wave iS absorbed 
INTO) The MATERIAL. 


Waves in METALS 
Anwomer imTeresmne cASE IS 


METALS The 


for wives (INSIDE of MEFALS. 
electrons 


IM 
Are YoT bound TO AN? PArTicuULAY 470M ANd 


Are free TO Move fbouT. To consider The elfecT of These free 
ElecYONS ON The FESULTING FlEld we STAT bY NONNG THAT There 
IS NO Wo'X Term IN The FQuUANON uf MOTION, This SIMpLtEs 


IMPLIES NO FESTOCING Force, 


This Time ,howeVEr, The 
ATOMS 


Fiéud AT The 
iS JusT The AverAce field SCE The combucron ELECTIONS 
Are tree TO Move AbouT ANd Trey Freids Average oul: 


For A MewL Then we can write 


"e's J4%.¢ 8 Frew 


m (Cost+ C84)) 
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ReflecreD LiGhT 


lL have been ASKED To work ouT The bACKWArD wfve ‘COMING 
from a Laver of MATEMAL Which NAS AN ElEecTHIC FIELD IWcidenT ON 
iT. If we consider The incident Fietd vAri€s SinvSOIDALLY IN TIME 
And oNLY hAS A DiISTUrbANCE IN The @ DIFECTION, Then AN ATOM IM 
The MATErIAL WILL HAVE A LESPONSE Given by 

ewt -¢ + 
eee, 2 
m (-w +wor+titu) 
The €xpression for The fiecd AT P Due 
to AN ATOM AT &” is GivEN AS 


ee ee 

ros i Ceceteranoy retard P ‘a or 

a Oe ea = 7 
As we have seen before. If There AE N Aroms = ta 
Per CC othere we must ineoraté over The fudl 
volume of The MATETIAL To GET The CUMULATIVE EffecT 3 ae 
oF ALL The ATOMS, ThaT |S, A 

zwt Sate oe fu 
E= Be wrest fe e Ot enpde Nd3z 


8° 4tep mi wet we 4+ 2yw) Je 


Since ANS e* + cD+3)~ we CAN INTECrATE To tiwd 
E =, s uy* 2 Eo e iwt et kD : 1 -2e ka, ~2ihpe 
7 eee 2. “te ae 


4tiée Co wta wert ittw) 2 


The fwst TErm IN The PAYER Thesis INdICATES reslecTION From Tne trom Sortice 
of The LAYEr WhiL€ The second Term Gives Tre bACK LAYEr refLecTION. 
The NEGATIVE SIGN INdICATES They Are (80° CVT of PhASE. Thuy We 
CAN Think Of The bACKWard EcATTErEd LIGhT <f8 AS beine COmMposed 


of Two wrerferine VeflecTIONS 4s 14 The intermediary MATeriAl wAS 
Noy PLES ENT- 


WEIL come back To TniS gubvecT LATTER bEecAUsSe the Above AWALTSIS 
Is WoT TOO SATisfAcTory Add iT NEEdS A dbETTEr TYeATHENT. 
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Refracnve (nvex of Dense 


vef. VOLE 7 

M ATERAL 1 chapi 30 
['D LIKE TO Gd DN AN Discuss A Problem Which | hAVE NoT 
AtéempTéd To EXPLAIN Yer. 


( want To GeT rid of The ide ThaT The 
ONLY field AT The 770M 15 Due To ExTEYNAL Source. 


low WwdanT 
To consider The EfFecT of Local fietds Created bY NEIGhborING ATOMS 
Aud DiscuSS The vesulmine behfwor OF the ftom under StvD¥, To Da 
TS 


} Must BEGIN TALKING fbouT The PolAnZATION of MATER. 
electrons 

LET'S bEGIN by CONSiderintc The 

TIONAL To 


APeers 
ITS DISPLACEMENT 


Te be bound $Y a force PRopor- 
Awd Thus 


fESPONd harMONIcALLY TO FA Disturbing 
tietd. The ©QUATION of MOTIOM (S GivEew bP 


m(xX+ ¥X 4 We x) = G Car atom 
Whe re 


The Distucbine Aece 18 ProPornowAL TO The Locar field About 
The €tectron Due To The OrieiNAL Source ANd The NE\Chhor ine oScitlAtors, 
| want To Solve for The €lecTYaNS 

corvrenTs, 


response And Then find The resotNnc 
With The currenTS t CAN Then find The fields from MAX WELLS 
EqoAMans, uk Thew Add The Source decd 1 find Ear arom 


so | have 

A sett cons (STANT ANALYSIS. RecAle_m frxweit!s_CQuATIONS WEE > _ so 

Ere ‘5 > R= af 4 x—E = -¢@¥ 

V leg vB =O V7 x i3 et Ye, V =< 

The QUESTION (5 whAT Are ? And 7 iM ThiS case? 
i+ 


The OSC ATOL IS ISoTrePic ALL The résuiTine Fiecds WILE BE TIME 

varyine wiTh The SAme SINYSOID AL frequency fwd Go AS efYT Thos 
x = % E ar Atom 

m (-*tado't ZF bd) 

The TESULMNG CUOTrENTS CAN NOW be compuTed, First The Pocarit ATION 

DEWSIT?, P, oF The MATERIAL iS defined AS 


P =N@ 
Where “a = The INduced DIPOLE momewT sf The ATOM 
P > */a 


= 3% or 
é 

wt +254 Wor 
Since Dis PproporTIONAL TO © ,we cAN 


rewrite ThiS fKpression AS 
f = €60 & 
Where AH = APmic PoravizAbmITY 


o'/méo 
(~ Oe yw tWot) 
Thuy we hAVE for The TOTAL Polri TATION PCwstTy 


Pe EoNa © 


More AT Wich fHequewcies oC IS SMALL find There 13 NOT Much FES ponse. 
AT lous freguencieS There Can be # STrowe FESPONSE. AK I Aljo complex 
So The PoLRitANION MAY be Shifted 1H phase from The WadewT E, 


A ee 


IN Previous DISCUSSIONS WE tound ThaT The polévi ZATION Gives 
rise TO A ChaAvGe RewsiTy Given AS 
Pec > = a 
Now beAuse The chArces ATE MOVING 
The CVrYewT dengsilXy (S Giuew AS 
a 
~> Nou = NQun 
hy Can bole 
Siwce P = 9NK we have TWAT GN X © P or thaT 
jr = -P 


There 18 A POLATIZATIOM corret: 


induced by The PolAritamion, 


Ib we consider other chArees That Those 8 
A 0 


we hAVE To Consider The TOTAL charGe dewsiTY TO bé The Sv 


Two CONTNhonNoNs, rok 
ae 4 ee (Pother = -7*P + Porrer 
Like wise for Tre currvenT We h Ave 

i g3 ie * ‘ 

| e d pow * 4 ether = PTF domer 


MAX Wwéu's EQUANONS Are moditied Then TO INCLUdE Thds & ToTAL ChATGE 
densiTY Ana TOTAL corrceyT Dew ITY, 


ve s.r + Pother = ee v:P op Pater 
— <p. = Ea €o 
VxB& = a& g WW 24. 

“OT Ss €0 Qt a ae 
Ve B =o aod VxEe = -28Y, 


As A historicAlly ASide iT tS ComMMOnw TO) Ev rITE TheSe €QuANONS 


Be PSeOarITS here for €0€ +P The vécTor BD. ANd Trays wriNne 
V:' 3B = Comer Vx@e + aD +4 (omer 
= eo OF. 

So tye we haven'T recaTed Eprary, TO E where E 1S The 
AverGe f1€Ld Over The wWholE MATENAL. If WE consider The cASE Where 
Tae incidewT WWOhT nas A WAVELENGTH MUCK GreATeér TRAN The ATOMIC 
me Aver fee Feid. The fmount of INCréAS we worked ovr béfore 
when we comsidéeved AN ATOM (WW A Spherecal hole IN # dE le CIVIC, 


Tre Local field Given AS a = 3 
E; s & FF 
aT ffTom = 36. 
SINCE P = €o NX Ean, = €0XK Efren where x = gin ee ee 
WE CA wriTé ad m€0(- W*+ Wo't i gw) 
Citom = Eaue + 4& Eprom 
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FIwALly Ten We CAN conte Epa in Terms of Enve, 


ay a t = Ps bo & E 
Crm = 1- % a a 1-973 


Monon of WAVE) (WA MATETIAL 


Let'S beoin With The SimPlEST CASE of A wAve GOING IN The - 
direcnom. If the Blecmic Fletd ig PotArcted mM The A divecnow 
iwt- Rt) 
6.2 6, 4 
The operon O/gt Gives & actor of 24 Hid VY Gives -th & 


SolVine MAYwELL'S EQuATIONS , we haAvVE for The CASE of No dhher 


charcés, ae a > oP 
~~ 
Which Gives -th Ey = ae re ee: 
Ws Conpinon 1S mire Fe oNnLY Si4 a ci) © NOTHING NEW. 
From Vv: es Oo we ny Show B3 =0 fFuvTher Ey= 0 ,Bx=d, 
Ex = Fo Awd By=90. Thatis tor ie (AST TERA 
> g& 4 
oie 1 Sones are )x 
iR By = Ss epaeren sie C Pe yes 
find from VxE = ~ 98/5 We GET Ore ; 
( Vxe ) = ad ay as -2' 
— = wy 
d at Sy 
hd -tkhE,y < -ewRBy 


To SATISty These Cowmdimons we must reguire ThaT 


ee z a 
A= wt (14 5x) 
( =f 
Pe) 
IT 1S) LITTLE) §=mOre §=—CONVERTRONTL TD Dehwe The Above cond mon 
IM Terms of The INdEX of Pci aa N, where 
> wee 
7 Ww 
Tris implies THAT The Fieid Goes AS 
Ex > & hl a "%) 
if ce=l , We CAN wn Te 
NK" = it 5X = 3+uHX 
1- +x Mae a 


Nore we cAN wrFITé ys nlx and for A vacuee iS: &. 


ae oe 4 


The Démewe fcror YT 1S IMPOrTANT here bECAUSE IT TELLS US how 
fasT The CLECTYONS AYE SLOWED DOWN AG The ScaTtTer AbouT. tf we 
Th TION .s : 
Solve e EqguAlIO m(x+ yx) = gE 


for The cHSe of NO force WE Had WAT 2 
e -v 
zx Ss Ui = Use. & 


TUCrAGE drifv very of The electrons. the 
wtlocimy decAyYs wih A Time constanT of 


= oat 
at eae 


WT measures the life Time of Te Electvow'S MomEuTuM. Further IT tS 
VELATEd TO ELECMICAL COonmnUCcnVYITY. 


The velocity UL 1s Tht 


‘ 


For A cowmSTT D.c. Fieca x IS consmuT ANd Gcivew by 


e 
72 > % E = gé € 
where E/ c ied ™ 
3/ oS/m 45. The ACCELEVATION ON The ELECTVON. ThE QuéANTITY 
my $s called Fee MOBILITY, AL, The current density, Aas Given 
aS det, eee NES Ae 


The conducnviry,a, is te Puer pei Tre Above ROVYATION. 


reHacTon iN ALL SorTS oF 
Such EXPrESSIOM IS 


Now we cfN RewriTe The INDEX of 

WAYS VSING These NEw SPMboLS. ONE 
ne . i : a 

iw(itéwt) 


PLASMA frequency 


Fue consider A DiluTe GAS IN Whith The Electrons 


Are Nearly 
tyee vw 0 


And We cAw wriTe The INDEX of TEHAACTON AS 
nes t — 4iNet 
mw 

For whves of high freQvencieS The 


iWdex becomes reAl Whil€ AT Low 
Aveguenci€S The IN Vey 


cAN be purée IMAGinfiry mpLTENG tRem ENdous 
AhsorpNon below Some criticAl treqvency, If we write 

Wes f= wr 

aw? 

where Wo = 4iiNet/m is Called The PLASMA treguency, ME SEE 
When W= Wp we fre AT The CrigicAt frequency. For we wp ° 
Tre IWdex 15 ImMAGINATY, When W>? wpe The wdex ss real ANd 
The MATETIAL 1S TY AnSpATENT. THIS 1S whi METALS ATE TRANS PATENT TD 


xX-VAYS, IT 1S ALSo Why The 19mosphere retlecTs betow A CerTAIN 
frequency And IS Trans pmorT Above IT. 
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REFLECTION FROM Surfaces 


Now |] WANT TO TALK 


About veflecTONs of waves From one 
mMeéedifi TO ANoTher., 


Fir¢r we witt ConsidéR The case oF retlecTIows 
from A Surtace which SEPATATES Two FeGIONS of widely VATTING 
INDEX of CEFrACNON. Ry This L' MEAM TF chANGES FAPIDLY with A 


DISTANCE Which IS MUCh LESS ThAN 4 wAveleveth | 1. €., AbovT SOOOR. 
LET'S F'¥ST ConSid€r The 


CASE of A wae 
Anid STYIKING A 


MATETIAL WiTh (NDEA N. 
| wit AsSomEe THAT The 


Movine Throveh A vACvWM 


whve IS AL k Tk 
PolLArTiIZED IN The X-DiIrTECTION, Now 
We CAN fidd The bACK -ScATEréed wave a 


w AVC 
And find ITS PhASE ANA DEeTErMINe how 


IT wrrerfeys With The incomine WAVE, beT 
IT 1S A LIME more DIFhicULT TO +iND The 
resoLTING AMPLITUDE AND INTENSITY OF The 
reflecTEd LiehT so we'tl DD IT- 


rd | wrk ) 
wave By --né.e } 
bound Ary CONDINONS 


The bduNdALY CONDINONS WEE FEXPREISEd 
RB normac find E Tan cewTi Ac five CONTANVOUS Or some Crap LIKE 


ThAT. iT 1S GIVEN To POU IN SOME FOrmM THAT CAN OWLY hE reTHINED 
for Abour tO MINUTES. Byt> IT IS MVCh EASIER TO WOrK DirecTLy 


Fyam The DitterEenTIAL EQUATIONS oF MAXWerl AND frPPeY A LITTLE 
PhysicAlL SENSG TO The Problem. 


The probtem we must S®LVE INVOLVES The 
AT Te surface, TrAdiDON ALLY 
LiKé 


FirST le7T’S wRiTE€ oOvT MAXWELL?S EQUAMONS ter The HATERIAL 


V°8 70 
) 
SB: ~ OBy » SBy cg (1) 
ox 9% a3 
a ) eels  . (2) 
Eo 
Jey — Bey ~ 92% 2 2A & ae ay 
ox ov ag Eo ox oy 93 
ae Lae 
ot ? 
9&3 oer - 3 Bx 
oy 33 oT (3) 
a Ex oE2 ss Es a i3y 
°3 OK i 
i a Ex . Bs 
= ax oy 3% 
Vxi3 = OE ri OF 
oT €o at ’ 
- P, 
263 a o By = JE + + Ss 
org 23 oT co oT (4) 
abs 93, = 2% +2 WW 
es ax t os. ar 
95s 98; = e& +i %% 
ax ov It Co Ot 


Ve}. VOL chro 
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The WhoL€ QYESTION OF boondAry CONDINONS ANd cowTnuITY of The 
wave ACroSS The SurtAce Reduces To A STUDY of how The f1ELd 


VATIES with derivATIVES TAKEN WIT reSPecT TO B® ANd EVALUATE AT 
The bovPDARY. 


LET'S STUDY EQUATION (2) FIVST AND SEE WhAT IF TEtLS OS. Remember 
TAT WE wow hAvE Tyee TistiNcT rEeSiOms of INTEREST! The vAcoum 
The MATERCAL AND The INFMITESIMAL TEGION ON CIThEY SIDE oF The Surface, AP op 
The imMPorTANT THiNG TO TEMEMbErF 18 THAT While PHSSING : 
TwrovGh VEocion 3 NO MAGIC occurs. EVEN 


Taovuch The 
Phy sic Al ProPeyMEesS maAy 


Re 
ChANGE QUITE FAPIDEY, The WAVE me 
fUNCTIONS AVESTULL COYTMNVOYS ACLOSS The FEGION. SINCE 
Reeiomn A «8 A VACUUM There 


| 

| 

3 

J 
IS 90 T@LAI ZATION VECTOF, | 
There foré, WE MYST BUiLD vp A POLATIZATION Durine FEGION 3. 
The chance in P impues DErivATIVES ExisT ND 


TheSe we 
Share STudoyY. Since NSoThwWe 1S HAPPENING IN The KAN 7 
DITECTIONS The OntY TErMS OF INTETEST IN C2) ATE 
0 Ey = - Ae oP; 
os c = 
a3 = 85 


We “How P3 IS rAPINLY ChANGING IN FEGION 3 So ITS DErivATIVE 
CAN bE QvuiTEe STEEP -EVEN APPCOACKING A CELTA fuMcTION. It The 
TighT Side iS bie Then SO MusT The LEFT n& iT TOO MOST 
be A DecTA Ffuncrnon for The EQUALITY TO hold. If The 


ARBove EQUATION IS INTEGTATED Wilh vesPpecT TO % ACross feeion 
3,we musT HAVE ThAT 


Ex, = Ex = “= CPig > Fay) 
WE CooLD® fEwriTe ThiS§ AS 


7] 


Eo Exr t Px => €> Ea, + Px, 


OR VSING The NoTATION BD = €6&+P we hAve The covoinon haAT D 


iS ConTINVOYS Across The beonpaAry. Note t+ Tr wAS NOT Z#ERG, THAT 
This SAME ANALYSIS holds True So The coNDITION [S GENERAL 


1} we Mow Look AT EQVATION (3), we cer NO IWfoYMATION {rom The 
frese—py LAST EQUATION SINCE IT CONTAWS NO DerIVATIVES IN IN 


The first €QvANON we have 9Ev/3y buT A8x/atr And SEy/ay Are 
Beorh Zero. There fore , if e&r/yg WAS G@fEAT , There ISN'T ANYTHING 
TO BALANCE The EQUATION OUT. Theretore Ey cauwoT have ANY 
Jump OVING INnITR FeEoiew 2 From CeowN Iie., 

Eyz- Ey, 79 
By The SAME ArcumenNT 


Ex2 - Ex =O 
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Gone ON TOEQUATION G) AND USING The SAME ATGYUMENT AS WE 
Just Did , ~€ CoNncLUDE THAT 


Bye = 133, 

From EQUATIONS (4) we GET The FINAL TWO conDITIONS 
Bxz = Sx, 
Byrz = By 


WiTh The Six TELATIONS Wwe JUST DevevoP En , we CAN GO ON TO 
SOLVING PhYSICAL ProbLEMS Where The SOLUTIONS hfAvE TO CROSS 


A Sharp bounDATY. Nowwe CAN Go bACK TO The Problem we 
SsTArTED. 
At The surt Ace Where 


6 70 The CONDITION OW The ELEcTNnc 
Siero Gives 


Eot&, = Ey 


ANd The conDITION ON The MAeNneTIC FIELD Gives 


Eo - Gy = NE 
These Two €QuATIONS CAHN bE SoLVvVEeDdD far E. AND Ex ANd Give 


E,> &” & Gf. 2 EME. 
itn ith 


Ext tS The VEFLECTEd AMPLITUDE AND Ex is The TYANS MLITGCd AMpLITUdeE, 
The (MTEATITPES Are GIVEN AS The SQUATE OF Thes& #npuTudes or 


Ty « i-et” a 
+e [tien] ° To lien 1* 
AS AN Ex AMPLE of ref LECTION wATer hAS A nN = 4/3 So 
a NY ae 
Te | 7 | 


Ret Lecnon trom METALS 


To ANSWErT The QUESTION Why Are METALS SHINY We ONLY hAVE TO 
rememioer THAT The INDEX of YEFFACNON IS PYTEe IMAGINARY. The 
InDex CAN Be writen AS N= -cNr So The intensity of The rediected 


WAVE I, = pie | » lis” 2 ¥ 

To L-F ne I> it ny? 
There Re fec METALS WITH pure IMAGINATY INDICES There |S TOTAL 
FEFLECTION. With LAGE ImMAcWAKY indexes MeTAS Caw He FLECT Wisi ble 


LiehT QviITe Weel. RuT A LATCE INDEK IMPLIES STrone fib Sor pTION: 


Thus AMY Good Absorber witt nor Absorb much bechuse iT IS A Good 
ret lector. 
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ORIGIN of The RefLecCnoN Coefficient 


Last Time t pevercorep The formutA rr LIGhT of WAveES rel LéecnG 
Srom A SurfACe, WE found The AMPLITUDE of The freflecTeD wve 
WAS A FoncTION of The InpEeR of FETYACTION OF The MATEFIAL CAUSING 

vigé. es 
The re flection, 1 Ne - Ac ( n=!) 
Ovr QuesTION iS WhY ThIS PAKTICULAr EXPrESSION. WhAT it'd LIKE TO 
Show YOU tS ThaT This SAME LESULT 1S ObTAINED if we Go bACK 
To MY EAKTUER Work. Remember THAT |! SfttD ThAT ALL Wwhve Phenomenf 

MUST be CONSIDErED oOfle@iPATNG From ALL The sources IN The wortD. 
Not ONLY pages) we INCLUDE ALL The EXTERNAL Sovrces (MN The worl D bor 

ALSo The WAVES Produced by The INTETWAL CUrreNnTS From The MOVING 

charces (8 The MATTER. 


WhaT | WANT To Show 1S THAT The iweivenT wAve sers the thareés 
IN MOTION. These MovinlG ChavcesS GENETATE CUrTENTS. TheSE CUrreENTS 
Propuce BoTh A forward AND bAcKwArD Hovine Witve. The forward wave 
dust happens To be of The w@ RIGhT AMPLIVDE AND PhASE TO INTEerfer 
with The INCIDENT WAVE- IN ProDuUCING This CANCELLING WAVE, The chArcEeS 
Pronuce The BACKWARD wAVE which is The véetLécTED Wve ThAT We 
Measure. For A rhndom DISTYIbYTION oF OScILLATORS , che COrrentTs Produce 


Two fietps which AYE IN The rano ot p-n/ ne 


Let’S ANALYE ES The SitvVANON Where A PolArite dD WAVE STrikes A 
SuttAace AT VTiehT ANGLES. WE AlreApy KNOW The chfrces IN The MeDdiA 
Will Propuce CorrenTS Which vAvy AS 

- Yost nat ‘ 
4 elke e* e tks 


Where we have und A = nw/e. 


DISTANT Point 


4 Cy en 
Exn=-Le e charges IN MoTION Where wave =d 
sovcce - 
x aN —— 
> 


Forwa 
r 
Reflected wave D wAhve +4vom chAroes 
Srom chArees 


ee a a i 


b 


INCIDENT WAVE 2 
E) 


| have DENoTED The forward ann retlecTED WAVES AS OQ ANb b 
tespecnvect And IT 1S The VATS 


Thar | WANT Te esTAbUSK., WhaT wilt HAPPEN welll Find ThAT 
OQ = -| CRecarc WE chose The INCIDENT whve TO KAVE AMPLITUDE J) 
Theretore The retlecTED AMPLITUDE b= Ar = T= If wa 
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LeT"S took AT WhAT IS Gomme ON INSIDE The MeDIA. 


L- 
ee w aoe Bs nw 
c — Cc 
- 


Ar some Great DEPT IN The MATETIAL The FIELD of Whive with be @ERLO 
WhAT we WANT TO Do 


iS To Pick some reterence Pomwt sav 2 AND 
ASK WhAT cCONTRMibuUMON WiLL come from The 


MOVING ChARGES ArouND ThaT 
POINT | INTESTATING trom -o To 97 X where X = 00, The phase 
wee vart AS arwte> cep]. Alone The & AKIS. The ferward 
WAVE @, CAN be wyiTlEM AS 


Forward wave = 


fe) é - * J a ae 
eo C23) e ods 


7 ag 
Twig cn be veoucen by facToriIne oer e' “St ka WHITING 
Forwhrpo WAve = a e€ Ente ey 
0 SC we - f' 
Where | QA = \ e : * hy) 


6 


Since he « w int Tne vACvuUM 


aw  t0AR 2g) A 
a = ‘¥ & : a 
Pretor MING The INTEGFATON AS 


ty gies ds 


1 WAVE Dawe betore , CT hwo 


= Ses 
t(k-k') 
| CAN Now had The retlecten AMPLITUDE since | ONLY hKAVE TO ChANCE 
The St@N (NM The PHASE LE, 
0 tha aks) 
b> iS e da 
INTE Cr ATING bs 


a if ls 
Shh’) ichktk') 
The YAMS CAN Now be foond 


deg ee 

& Ch ehk') 
Sebsntuon NG ‘2 aes 
nei 


Witicw 1S The @NSWER ExcepT 


» messeo up The SIGN Somewhere, 
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The ANALYSIS | WAVE VYSERM (S VALID When INTECTATING ovEeR The 
fur. sorfAce AeA becAvsSe The Em fietdo propuced bY Eth Lime 
eetten= ChAvGE (S$ ProPorTIONAL TO The FESULTING CULVYENT. If WE conSiDer 
some Thin SLAP Of MATCEr locATeD fl DisrmnTtE EF from The 
ebsServATION POINT | The vector POTENTIAL PropuceDd bY EACH current 


as A > 4lt-*e) 
i<Gk ta 
The VECTOR PoTEensTIAL IS wausne's 2 La SAME f 
Direcnow AS J fer The Polarized CASE we Are he 
STODY ING, AcTuAy 4 is The correstT Density | 2 , hr 
AND WE WAHT TD INTE GFATE over AN Are, Is. 
A : § jce-%) zn pde shite les 
Tora — 
4776p f 
Since nic B* + p* IM PLIES adrasz PAP , the wrecral Simkifies To 
A : j $6b-%) der 
tom, * ——. 
2 €o 
Now vemembea The CurrenT 15 GIVEW AS The Time derivaTwe of The Pocari ZATION, 
= Pp 
if we Por This im The mwTeortt AND MutTipcy # Divide! be C 
c = fl fo 
frome * Hi, j i) eet ey 
e dt lyr 260 Je dtle-& 
thus Che iwreevAt c AM be eEvALUATED 
= me 
nme > ~ 8, PLE) 


is GIVEN br The TmME DEriVATIVE Of The vEecTor POTENTIAL, 


E= JA - - cL f(t i t.) 
dt 2€o 
iwTEecrATEeD OVEF A volume 


Since Tre Fiev.o 


Because we shovlb nave 


ee ae -=) Aw 
. fa a? e) 


SINCE & «S AN Arbitrary UNT WE SEE ThAT The Fieid AT The PoInT 
ch#N be founn Even up Te The SLAB. Thus Our fNAlysis Does hop. 


The WAVES fAfTwinG® AT The obServATION PoINT wilt be reintercé€d becnuse 
ALL The waves cowSmrucTivery inverter, Even Thouoch The CutteNTS ATE & GENErATED 
our of PHASE The Time DELAY INEKGTATION Mefnwys The wAves will Araveé AT 
X AT The Sfme Time, ThaT? 15, A Bee POINT cloer T X Is ovr OF PhASE 
with @ PANT A LITTLE FirTher AWAY boT BECAUSE IT TAKES LoNGér tor 
The DisTM@rbAwte TO felch The SECOND » They awrnll endor ce, eetoret 
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if The WAVE WAS Nor DAMPED AS 
EACh cycle will 


Since The 


IT wEewT Throveh The mATTER, 
CONTYibuTe E@UYAL fmouNTS 1 N AND ovT of PhAASE. 


WAVE VATIES SinusolDAlLy we have A Series That Looks LIKE, 
ESt tY —1 +1 


Now if The wfvé GETS WeRKEr EACH CYCLE 


by 7 SMALL AMtooNT & , Then 
The series becomes, 


l-yryt-ve +t - ae --- 


= 
series (5S Vr 


ice = 
CONSt*DEr The maATETIAL 
ivTe A NUMbEer of BONES, WE SINCE The First 
A Posinvé conTribunow , we Think of The frst hat 


ZONE contribynne The whol€ Vz. BuT This iS Only A ShorT hAaP 
Sor The INTEGYAL, 


The som of This where WE 
T be broken uN 


Zone MAKES 


~ et dx > . eon che abe t Jo sw hx dx 
The cosky INTEGFAL GIVES ZETA, The SECOND INTECFAL IS INTEGrATED 
over The firgr WAkt Period Th Co Give tie, This) First Halt 
Zone LASTS LoNnGer ThA The others AND IS shitreo in PHASE 90° 

so iT TAKES A while TO CATCH UP wiTn The oTher waves Retore 

iT STATS To INTETfer. 


RefLecreD fain THASMITTIET WAVES From OR ACUTE INCIDence EF VOLE 


ChapT 33 
Now we'll TAKE UP The cASE of veEflecTED wAves From A Sor Face 
When iT hiTS AT AN ANGLE. The Y AXIS 
Witl be ovr of The PAPER AND WE will 


AssuMeE Te iwcibenT whve ts POLATIzED 


a7 
Frefice 
IM The Y DirecNON. The Three frees aaa a 
Are As Folvows \ 


ran ep “ 
E ine = Ee © . bd h, x) E 

‘ ‘ ( INC 2 
Etran = Qa alae -Ay o ‘ kh, x) 


Evef ott hes hy x) 


FitsT «wiwr Jo poiwr out MAT ALL The oscitlATons 
Srequency W, bf we ws w", 


More TELATIONS Which we 


Are ft The 5 fhe 
slow WE cAN Go ON ANID WriITEe A few 
cAN GET EASILY, 


Ax * kh Ome, hey = Ae cose, rR? 


a 2 & 
> We CuvAtuun) Aegis hey 2 a) 
r Am Ll 
bis Ramer, Ay Acoso, Ate mere Uni) #Rg) = ng) 
\f The MATETIAL is homoGenedus IN TRE A DITECTON, AL The waves 
ToceTher AT The boundDAYY for ALL VALUES of %. WE mosT 


Eine t Er = 
or 


Errax 
42 hy ty XK) 


= ae t dey 3 - Ax XK) 7 


Co 


geil tte ty g ~#e x) 
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The €AsiesT PArT 1S The coefficienTS of X which ALL MUST be The sane, 


Ae x > hey 3 ex 


Fev They WE KNOW The maAGcuiITues of The vArious he'd ATE GIVEN bY 


Pa Sed % 
(hay tthe) sora 
} : " . 
the Fives two @GUATIONS sheag Ter A, = hy a hy 2 + Ay , 


The PosiTVEe Sloan GIvVey US MoTher INCIDENT WAVE AND There fore iS NOT” 
MEANING WL. Thos who A 3" = Ry 


FiwAury fer the reflecter wave we write from The Third equation Above 
1 ,t 2 

Cry ) s why® = ke = and ® <9 hin @: 
hy sw In gmto, 


I might RewriTe i eg INTO The more ForeiLiar form 


hk IwWOe. = A! SIN Gz 


or 


or SIN 6, dy 
Sin O2 
This 1S SNELLYS LAW And The GEeNnerAL form iS, 
SIN 9, Ps Nr 
Sint Oe : N. 


AN INTEVESTNG CASE worth mMewNomiNng (S whew nN IS LESS THAN ONE 


AND sin? @. (5 sufficre€wThy SMALL SO THAT Ay‘ is imAowwary. The 


Critical ANGLE AT Which Ay’ Becomes ZEro '5 
SING: =n 
The coetlicient of refiecmOm IN TniS CASE IS GIVEN bY 
! 
R = hy - hy 
Je +r = 
The INTENSITY OF The retlecTE D 


\ 
SINCE Ay tS Pov e timMAein Rox: ’ 
wave cAN hE wrilTEN AS 


RI” = yo eet od 


See 2 
| A sit | 
3 
vebic TYANSMISSION bUhILE The verleCTION 1S 


Therebore | we ANH Ao 
This crimcAl POINT A LITLE closey To 


10070, We MIGhT sTYd? 
SEE WHAT IS GOING OM. 


If Nis COMPLEX WITh A SHALL IMAGINAYY PAT) We CAN wriTé 


; . 
hy = (t-E€) -c€ -AW' @, ~ fe io, ae s= 


2 Ki-€) -aw'9 
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‘ 1 
4 sin*O, EATS The feAL PArT of Ay, Then hy becomes mor€ 


IMA#GINATY. If we ploT The IMACINARN PArT of 3 AGAINST O. WE 


Ger A Curveé Some thine LIKE, 


age hy | 


2, — 


Curve wotlk JomP AT Oc, 
JusT TO The 
CAW be wriilTwASs 


AbsorPT60N AT ALL The 


lf There (SN'T ANY 
If we are AT Oc =H 


bur NOFMALLY (T DOESN'T. 


teir SAY O=K-E Then ‘The vetiectnon coefFicievT 
2. } a aa u 
[RI > } Cos@: - tn*-~ound | 


] cose, + Prt =swte, |~ 


- u 
ss 
| cos cat-e) + Pointy -smtcK-e) | 


- | i= Tie nh 
| S \-4 [ze n 
ir faen 
we see 1 ne] Ann € = LL AAninN The iNTEWsiTY of The retlecTeD 


whve t$ AIReHDY DOWN by Almost SO ‘Ve. 


Whi 4 fru PLAY ING with The reflecTNoNn coefticienT ev | will 


A WISTOMiCAL EQYVATION, Re Tle BEF 
R= ky- ey 
Ae» + hy 


inTO This EQUATION I GET 


Dev €loee 


Ik 1 Now INGerT The cosine Térms 


R = Ar cose, - A co 58x Cos@: - NCOSO, 
gh SO Ie oe 
ALwoso, + Ae cosOxu BSR 4 WERE 
SINCE n= SIN, 1 CAN conmmNnue 
SIN O@ 
Stal CO: -6,! 
eo SE al fe 


> SINO, COSO. - sivO1 CosOu 
i Sin 601 tO) 


Cause, SinO + SinO1 OSAr 
This 1S CALLED FresnetS reLAMON oF SOMETHING, BuT | WANT To 
PowT our TAT The best form For unversTANDiNe Ris Ary - J , 
Here ois €ASY Te See The devrwfrn AND bAcCKEWArP ae 4 
Phase recamonship HAT EXisTS. 
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INTENSITY of ReTLECTED PolATIZED LIGHT ref. vou L chap 33 


SuPpPosé Now The INCI DENT 


LiehT hiTS The Sur frrce AT AN ANGLE 
And Ar The SAME TIME PolfriteED MOrMAL To The DivecTION OF 


PYOPAGATION. Bethe The reflecTen fo rélracren wAves wilt 
be PoLArI ZED NOrmni Te Their ProPAGATION DIrEcNOAl. 


ALS Oo 


To ANAly 26 This case we frst rearize ANY PotArizanon 
horizow7Al TO The B® AHS wre NOT bE S€EW bY 

An observer AT KH. Move «mporTAnT The retracten 
WAVE MUST Probuce A AVAVE Which JUST CANCELS 
The INCIDENT WAVE, 


Since (Fr 
trAugverse 


tS ONLY The 
CompowenT of The PoLAriter 
rehractep wAVEeE Provectep ONTO Tre INCIDENT 
Wahve That CAM CAncaThe WAVE, We GET For 


QO = = a4 c COS (0.-@:) 


<i 

% 44 oe er 
Cc Cre ts some co€ttIClIENT Gives The STrencTn ot The currenT PARKING The WAVE, 
Now For Te Fefliecreod wave 


b= R= C WS 60:+02 


aa aa Ge 
A +h; 
This TME WE WANT Tre Sum of The TY? Aneoles. Now 
GETING ¥'D of Te Term te“ 
. - Cos cg, 
R=: Re-, | CO: +Ox) 
Ay +r cos CO,-9.) 
If we wr re This og w Terms ot The ee” Wwe GET 
R Ee hey ~ Jey ( CoS01 C582 — SwvOiSin@2) 
Ae, v Ae Ces, oO. + Sin Oi SIN Gz) 


This CAN be SiMPUfien to The Fotlowmne form 


R= TAN 6 -o2) 
TRAN CO.+ O.) 


/ 8? 


CONFINED WAVES 


Now ( wAnT To TALK AbouT WAVES ThaT ATE confined by A sheeT 
ot MATERIAL or Some OTher ThiNG TO Go ALONG A cerThIN PATHS You will 
RECALL LAST TIME Wwe TALKED AbouT A wAvEe iwCiDeNT ON At Surface which 
nts A Lower IwoEx n THAN The MaTer:AL where The WAVE ONGINATES. 
There WAS SOME CrITICAC ANGLE BEYOND WHIch The wAve (§ Wholl? 
reflecre> AND oeFS+BE INSIDE The MATETIAL wiTh Lower nN The wave 
DIES OuT EXpoNENTIALLY, [f we place TWO SheeTS Close To EAChoThEr, 
we sShoutlb be AbLE TO SEND The WAVE YP The ChANNEL W IThouT 
ANY LOSES. So LET'S STUDY The Problem AND sce WHAT WE Pan! 
CAN UNDEerSTAWD AboyT These continEeD WAVES. 


WE'LL ASSumMEe ThAT The ELEecTrIC FELD IS PocArs ted W 
The ¥ DIFECTION So WE CAN WriTE 
" -¢(wt -kx) 
Esty > i(3) ¢ 
FIRST We WANT TO WHITE POWN MAXWELL'S EQUATIONS 
INSIDE AND ourside The DdiececTric. LET'S ASSUME MFI LE, 
Air iS ouTstoOe Tne CONDUCTOR. Then 


, VeE: 7p: VxR-= % 7xE = -28 
OUTSIDE : VeE=O VRBO Y¥KG sc at 
INSIDE: °E= VeP V'°B850 VxQz 0% +A GxE =- 

Eo ac et 


We hAve To 41ND ovT what B 


LookS LIKE AND The bEesT WAY 
To GET B iS’ from 


VxE = - 28 
oc 
WHITING This S90T Comp LEeTecy 
= O85 8 20h 5 88, . 2% 
ot o4 93 t 93 
= 8Bo" E y 
re a, 0&3 —> O-=od AS 1TShoud be. B'S 
= dq ox Never // To & 
- 3 = 3 
st ey - dex —> 882 -: _96, 
ox oy ‘ot on 
From The tivsT EQUATION WE GET -clwt- kx) 
aBx . afte) e 
ot 3 
INTEGLTATING WE hAvVE 0 -ccwt ~ Ax) 
z oye 
Bx @ “93 
From The thir EQUATION ‘cwt= 4X) 
idk =“) <> 
89Be = -ckh free 
ot 


UPON INTEGTATIN © . a 2 
Bea teh Rere Cote An) 
(7%) 
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we CAN wriTE for B 
B-/27'3) & k $318, ) e 
B ( = ex + =) 6 +.) 
This B voes iNtAcT SATISFY The CONDITION W320 INSIDE AND oT. 


ga: 28x , 987 , 2B; = 9By¥ + 9B; sy 
ox oY 23 Ox 23 


a : 7 
=o M3) # 3405) = 0 


-<(we- hx) 


Also we NOT VE =0 ovTSIDE since This repuces TO OF Y/ay 20 


The meaningful eQuaTIONS Are VXR>~°8/, AND VeB>-9&%, 49%, , 
1} wé INTropuce A New vector Bz €E+P = NE where we have 
repcACED The BiElecTMic CONSTANT E WITH N* SINCE E= Ko And n*= kK. 
Therefore we cAN write for INSipe The MATErIAL 
Vx B= -2h'e) 
ro ae 
WE have Sempuitied The PMmr of EQUATIONS where OUTSIDE le do 
leT'S write ALL Three EQUATION OvT for WKR= -%F/dt 


08 a6 5 
=> ed | — 9b - re) 
d 33 et 
r) 
as SER P) 
é Gx ot 
9 By <= aBy = = OE, ae O, 
2% og ot 
The second EQ@YATION 15 The ONLY heLPFfuL Owe AND ditter ewriANne oul 
é fa a klik) Sle) si -2wnitce) 
w a . ‘. 
where | have oivioeod ovr me ExPONGUNNL AND DecidoeD TO LEAVE N~ IN. 


Thus | hAve twd second order di HerenTiAL EQUATIONS 70 Solve 
$"cey: ¢ A* = ntwt) few CFSE INSIDE 
Fez) + CR - ot) F€x OvuTS1DE 


Since "C2) IS propormonAlL TO 41%) itSEeLt The oNLy Suncnons 
WE CAN CONSIDEr ATE SINE , COSIMNES, OF EXPONENTIALS, 


OvTSipe WE KNOW The WAVE Dies OT EXPONENTIALLY So we 
coutd TY The soluTIONS t¢3) & e**%t ushere Ks k, -od 
Fer 3 7 Fy} 2me7%3 Asm for 3-4 Poy) = Pet**, 
INsipe The pielecTric The WAvE (s NOT DAmpedD So we cAN Tr? A t 

SoLUTION Which iS the LéneAr combimanon OF Acie? ee 5 & 
Here hk, = wtrnt- kx ; The Svee wave insipe has A TEAL hy. 
The TASK NOW {1S TO MATCH bouNDArY conDITIVNS AT The Two sores. 


oi 


ge oe ee : A ots 4 
| 


have To ¥se The facr ThAT B IS conTIWUOMS ACTOSS The FACES Which 
Gives METWO More EQUATIONS: 


z . ~e 
-nacr* + ikjAe Aya ~ thy B . 
+Xpe** 2h Ae -i hy th, Be 6b 


i} 


we have 4 Equanons 


in fowr. un oso This (Ss A Se wo Hiheraticg L 
Mess TO Solbvé bot LET'S Try. 
Fivst we cet rid of ‘ue Ano \ ea -chyo. 
Pe’ or as le a Ae 3 +e hy ge 
or Qa -¢t}, kK 
Ae cb) ey gate CR oh) oo 
ALSo * 


A(i-ch4y) e Shh B (it's hy) et hse 
Kk 


- 0 
From these two €QuATIONS we CAN Fino 
2h gq : L u = rc hy 4 : u 
e b Le ce se j-&h 
( > ) e Bg 
enya q ; aie 
ee Cds “hy ) = 2 e ha ( rik) 
K K 
The Two SieWs IwDICATE TWo SOLUTIONS EXIST Which CAN be Either The SAME 
or have differewT SIGN 
+ 


The TYANSCewDAL EQuimoN WHiIch coverds Tre MATCHING of These wave 
SOLUTIONS iS 
a tan Ree 
Kreh 
WE could write This pitlerewrey AS 


; : «ih 
et hys t chy eft = e@€ 390 1- they) 
eth q Lo 
s as = - eh, 
=e ye hye = 


The Termonm The Left 4S The hyPerbouc TinGenT of The Arcurten 7 


o hey ® 
Tah thas - ey 
K 
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CavitY RESONATORS 


I'D LIKE TO TALIC About SomMeTHING INTETESTING INVOLVING WAVES 
IN METAL CANS. The waltS of The CAN CONTAIN ChArGEeS Which Move 
Alu over AS The S@uiSh AND SQUASA ArduND INSIDE The CAN. The 
15 THAT The 


CAN will RING, When This hAppews 
A CAVITY RESONATOR. 


Fie€un 
YesutT oF ALL This movion 
WE CALL The DEVICE 


The probtem we MusT Consiper firgsp iS To Examine whAT hAppews 
When A wAVE AiTS A METAL WALL, 


The wave wAs ReflecTEep AND The 


We pin This befre Ann WE found 
vAvtien trom The 


Ampiurume of The yetlecTen wAve 


INCIDENT WAVE bY AN AMOUNT 


R fae ELA 

itn 

wie NOTE ThAT tf TN became Quite 
INFINITY or 


LAGE ANd APPro~Ached 7\Y\A 
IMAGINArY | The reflected 


wAve WwASg TOTAL REFLECTED. 
ot course, This 18 Never The cASE Even for the most 


Perfect metTAt AND Some Loses occur IN The WALLS. BUT 
DISTEeGATDING Trig for The MomenT WE CAN wriT€ The 


IF (T WAS hichly 
AmpuTune was -l pte The 


FY) 


Two 
Jormutas for The Et eEcTric Fern, 
ewt -¢kx 
Ew = 1e 
fw thx 
Eout = +] 


AT The sucface A=O0 The sum ot The Two hieips 1S EERO Le. 
- — eBe lo. 

E =bx t Eout = @e paki <= .6 at X=0 
FoR A PerfecT METAL The 


surtace is 
ELECTRIC FIELD, 


The PrAce of Zero TANGENTIAL 


In The reAlL world MeTALS CAN HAVE A VETY LAKGE 
AND fer Those mATETIALS WE CAM WriTE The 


Nh arta 


INDEX 
INDEX AS 


The reflecnon coetticcenT 18 GIVEN AS 


R= lrin' 
j-e=n' 
This CAN BE RewritTeN IN TEPMS of Some Phase ShifT @ where Tana = /p! 
AS a op -2£9O -220 
R= - of iy a oa Se. Ss) Pye 
en’-) ere 
Thus The oVTGOING WAVE cAN bé €xpreSSED In Terms ot O AS 
-7o siwt ¢h 

oor = = e e m 
where pest ~a tex 

Ein = e e 
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xv 


if These Two WAVES Are NOw ADDED, we Simp Tnar 


a -<@  lwt 
Ez ee sin (hx -0) 


AND E 1S NO LONGER ZERO AT The sur tee X=0 but rather AT 


The pownT x= OP/R | when n' iS tarce, © tS ABOVT EQuAL TO 

Vint So ThAT % 3 mae We since A= tT/, we have The EERD 
n 

TANGENTIAL Electvic fietn PLANECe AT X= a - For 


ZT n'! C 
wiVES wiTh ) op The order of A few CENTIMETERS ANd oS 


TANG ? ea 
n' iN The ThOUSANDS, The Physical Sucface And The iMAGINATY 
E-0 sur fice Are ALmosT cOINcCIDewT bhuT NOT Quite. | Witt | 
ConSipeR The IDeAl Surface wheve E70 AS The Trve Surtace 


of The meTAL AND vIsreGfro Tre effecT here AFTER. 


Now LET'S conSider A fECTANGULAL CAN oft The DIMENSIONS 
ShOWN IN Tre SINE DFAWING. The Y-AXIS 19 O8T on Te a 
Paper AND The dimension FASSOCIATER with The can IS b. 
WE'LL beGin bY WHITING MAX WEL'S EQUATION INSIDE 

V°e=0 V:RB=0 


V¥E = -%,. .9X B? A C 
We'tt ASSUME ALL The FreLdDs vart SiNuSorpAucy SO 
That Par 1 The Sime AS MULTIPLYING by tw. | 


— —p x 
prefey TO work InN Terms of £ 80 | WANT TO Eliminate q° Qa 


BRB. To Do Ths I Notice ThAT 


VXC(VKE) = &, CYx8) 


Bur VYxRe: - REY). , there tore 
= =O 
K(CVXE) = ss 
VAC ) see 
somewhere | worked ovr VXCVXE) AND sShowern That IW EQvas 
ViV-E)- VE so we have Two EQuAaNoONS TO SOlve 


t 
Vie cE ANB VW‘ =0 
or* 
The fwST EQUATION CAN bE WriTTeN AS 
VtE = -WeE 


LeT’s ASSuMEe E 1S EnwTITELY IN The DiIrecTON ; Then The SECOND EQuATION 


7v°E=0 Tells VS THAT PF a/y, =o which inplics E CAN ONLY DEpan 
ON X AND qd: bers: wT é 


Go = # (%,7) e€ 
The first EQUATION CAN be vSED TO ObTAIN The feLLowING EQUATION 


attouyy , four. 
ax* ay~ 


“wt 


~ wr $cx¥) 


| 


Nous There 1S 


TO SOLvE This EQUANON UNLESS You 
Kvow the 


Answer Bedore hAND. You have To Guess AT A SoLUTION. 
ONE Thr WE MIGHT Try 1S 


No pDiIre(T WAY 


= Sin A x sia k 
¥tx,4) x a¢ 
It This FUNCTION 75 


PuT INTO The EQuaAnNon we HND That A SoLu7ION 
ESVULT 1 ee 2 

LA S + we = Rx + Ay 

This tS woT The 


ONLY garvIION WE could hAVEe TYIED, WE coun 
Rive URED FOS cos ho xk Sw he y or f(xy) > cos fy X cos he ik 


But we must APPLY OUrF boun DALY CONDITION ThAT reguires E 
TANGENTIAL 1S EETO ON ALL SIDES 


ot The CAN. Because we Ghose 
A Sine Coséne fFuncnon of ® fwR ¥ we Know RicGhT fwAY The 
EQUATION (tS SANStIED ON The TOP AWD RBRairom of The cal. RuT we 
Also vequite Thar Fixx) 70 AT X=0 AWD X=. At X70 WE 
wAve Stn Ay x lieve =O. Thus 


we SEE Why Alt Sines 
AT x=a foxy) =o which witt hAPPew onLyY IF 


Aun Ry A =0 =P Ry a = 
AND LIKEWISE Sau hy b=0 


Are needed. Now 


We fiwn That Ay And es Col be Arbitrary but rfither depend on 
The CLENCTH And WwidTn of The GuInEe. Further the frequency of The 
FropAcATNG WAVE IS Likewise YESTYICTER TO CETTAING VALUES. 


Oe is. “IP ge. 
at bt 
The is The onty tre Q@uewcy MAT 1S permed To OSCILLATE INDEd ni TeLy. 
The character ot The wave Thar 4f)TS INTO The 
The +1EtD 1S STON GEST 


CAN IS Shownm here, 
IN The CENTCR AND GraADdDUALLY 
FALLE TO LETO ALONG The WALL. 


| 
IN The SIDE PreTuce The mAGNneTIC FietpM circuLcArtes 
AbeuT The crecrric FieLD ; The circuLATION (S GreaTesT IN 
The mipore. AS E vanes 


beTWwEEN A AAKIMNUM AND 
MINIMUM VALUE The B fiercp likewise varies. As E 
COLLAPSES B 1S GOING ATOUND AND When E DiSAPPEAr ALL The EWETOY 
Sin The B Freep. Bot B cAw'T Disaprear And AS 
ElecTmc Fietn bEiNG buoilT up, The ENErey 
beTWEEN The electric AMD HAGNETIc fieLDS. Thos 
Exchanoc 


berween Kwenc AND PoTEenTIAL Ereror 
OSCILLATOR. 


IT IS ChANGING AN 
1s 


Thus ALTERNATES 
'T IS LiKE The 
of A hfrmonic 


Now Te INTETESTING QUESTION 18 WHAT Are The 
ROING IN The cAN. Here A TEAL Miracle 


Chfvoes ALWAYS AvTANGE Themselves 
AN INTECNAL E AND iQ Are 


ch frees 
1S GOING ON bEcAus € The 


$0 NoThiNG GETS OUT AND only 
ProouceD, 
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when All The Eneroy is im The MAGwENC fieLD CnEe-, # V4 CvcLE AFTER 
The evec™ic Hei 1S A MAKIMUM) The Current IN The walt IS A 
MAXIMUM. PoSiTIVEe AND NECATIVE ChArGE IS Moved TO AND from The 


Top AWD Tastrom of The CAN. When The E -JrecD 1S MAX IMUM, Att The 
PosiNve AND NEGANVE chaTGcES 


As The enercy Goes INTO 
AN INDUCTANCE 15 


AVE higheST IN The Mipoie Of The c AN. 
The € MAGNETIC FIELD, 
builT Up Which Keeps Mme Currents 
MOVING Even PAST The MAxinum, The iNoucrAnce ACTS 
Like An WNETTNIA To résisr ceversAL. The Br FIELD 


WILL OScILLATE BACK Awd forThig for mMAnwy osc llAnnN 
bebore pr STHrrs TO Die ov". 


Cmax 


JT 1S Possthie TO Keep The FiELoS Goiwe INSID © The 


cavity 1f A SMALL HOLE IS Drilled 


in’ The boom Ano Ii 


Abare Seca inserren; 1) Tir charde per ATE Ll shores 2 
WRIGHT Frequency , EVErGY WILL be SuppieEn THAT IS eee | 
Lest To Tre wruts AWW The CAVITY Lill Keep On fESONATING 

so FAY 1 


WAVE TALKED Abou7 


The LoweST MODE OF The YESOWATOR. 
Cermmintt | DIO NOT chose The omer SOLUTION To The DitterenNAL 
EQUATIONS. IN facT There ATE A whole SET OF SOLYTIONS Whith cAN 
be wrllEN AS 
Ry NT Ay b= mi 
Awn ot = farAy mir)” 
— + pad, 
( a ) ( =) 


For The PEXT hiGhesT 


This Home Looks 
cAN be 


- = u 
Mone n=zaet Me! To Give wre 40" + 


LIKE The S1IPE DRAWING, This move 
excited by mo teens PimeD fA QUARTEr ot The 
wat in trom Either SIDE. The feeds hAVE OPPOSITE SIGNS, 

Now | have oNLY TALKER AbouT one CLASES oF Luart tt 
resonators Nfmery The ReEcTANGULAR ShAPeD ONES, BuT 

cavity TESowATORS cAN be ALL ShApES, Chch DIHerenT 


ae 
Shapes WAVING A TESOWANCE CowDITION. However There 
MeEeD NoT bE A SoluNon for Every trequency, 


ApPLicanon of VariATNOwAL PRincIPLE IN SOLVENG 
RESONATOR Problems 

IN Principle EACH cAviTyY will hAvEe cerTAiN TESONANT MONES HoT 

of TEN TheY ATE Quite vitticurT To work Ov0T. I'd (ike To Show rov 

A Technique for APPTOKXIMATING The Moves 


UsiNG The vans ATIONAL 
PrinciPLe. 
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Let's TAKE AW EFS? Ex An pit tor Which | Kwow The aAwSuer TO 
Show your how The (064 Works. LET'S conmSiner A CYLINDRICAL 


DRum which has AM ELecTmc HetdD ProPAGATNG IN The 3 DirecTNOnV, 


The mathematics 1S SYST The Stme AS Ur LAST CHASE up TO The 


€ Qu + TON att rf af Beg ost f 
ax* ay 


This EQvVATION MYST be sANSHED AT The Surface , Rats, S$=0 When 


Surrose | haAVE The INTEGrAL re 3 
(2g 
ce ee ea) + (3 a) dx dr 
\ gt dx dy 
Which twAnr To MAKE A Minsmum for Some CG. The usuAL practice 
Is TO vary Qoby CeTTiING A SMALL QuAwTITY Ad be ADDED. Then The 
INTEGrAL CAN bE VATIER IN The foLlowINe crrpmnc form 
LT = Non > N 
“Denon D 
ST: Ntan wn . AM. ROD 
Drad PR D Dt 


THIS varifNon 1S SET EQUAL TO ZERD AND The cowodiTION which 


MvsT be SAMS Friern 15 
S N = N STD 
“> 


Now The first order chanee im N cAN be COM PUTED 


Ns § CMyand 5 (A 8O) dede 


This becomes A oc: 
SN = rz J sy [- Te aed 
SIMILAYLY ae cay §@ ) dxdy 

Fron which we tin 


a + ud ain A 
oxt ay? D 


AND we FIND ww? = N/D. The TASK iS TR Keep TRYING VAr/OUS 


Pia untit LT tS Minimunn. 


Lél’S TRY A QP which MIGHT Work say 


eee) 


This 1s A PATAbOLA which fiITS The bounnary COND INON’ ThAT 


q-0 


AT >A ANd AT The cewTEr P=l 1S A MAXIMUM. The func TON 


'S A PAVAboLA find, Thercfore, SMooTA AT Tne CéenTer. 
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since A= xtFY? WE haveg 


A 
u a: 
And a”? ‘ _.x oF = aay which @ivEs (22 ) = a 
ax Ar ’ Y A’ ox A 
ie. 
§, 42 ada 
L = N > . 4 = ae FR a 
D ae ert AT AT A 
u z 7 G 
\, Ci Re) ade 
There fore 
Ose Ne Ae 
D AS 
OR ak & in z Z.449 
A A 
| htppenw Te KNOW The réAL SoluToN 15 The HirsT roor of The 
Resse FuncNon Jo(x} AND IS 
we &.40S 
A 


$0 WE ATO Ppremry PAMN Close ON ThiS crude TRY. 


198 


Voge ON The vARIATIONAL PRINCIPLE 
IN SOLVING for Frequencies 


LAST TIME WE han A VANIANOWAL PrinciPLE for SolvING A DidterewTIAL 
EQUATION of The form vig -wtQ =O, The INTEGrAL Which WE WANTED 
TO MINIMItE WAS a@Q \r m) - 

gs SUGRYs CMY] 
ES TEE Sages a 
§ 49 dxdy 
The Qve€STON ONE MIGHT ASK 1S WhY¥ ThiS 


The INTEcrANDS Are The RIGhT functions? 
po wiTh 17. 


INTEGTAL Form! How DO | KNdOW 
WeLL, ExPEvVIEnce hAS ALOT TO 
Not AlL DiffevewnmAL EQUATION Come Hom A VAYIATIONAL PRIN- 
cCIpLe So YOU MOST KNOW Which ONES DO The Above 
The SoLonon for The EQOATION 

Vig - ag =z0 
3t= 

igs ey Chew The EQUANOM JuST Repeces To Vi P-wiW=o 
Which 18 WhAT WE hAD before. 


INTESTAL 1S) ACTWALLY 


When WE WEWT Throvch The CYLINDER Problem LAST MME we TRIEN 
= -~ re 
A PArAbourc solunon GQ= I~ Xe, 


CONDITON ThAT GO AT A=QA. The 
W> t4S/a . Now We Dinn'T have 


which SANTSHED The hounDaAry 
frequency ThaAT WE found WAS 


A PArameTER TO VAY IN The 
INTEGrAL SO A bETTIET ThinG To Po Wouln 136 TO EXPAND W*> TIN 
Terms oF SOME PAYAMETER K for INSTANCE 


w= Ar BK + Ch) + -:-- 


Someone TWIEOD The Ffuncnon, 
Gq = bth - Ar ot AN 
at a4 
And VArienp & AND four D A MiMinum OCcurrING AT K> —.2%804 . This 


GAVE A Satunonm of W= @.4oSot/a . The EXACT SoLUNOAL IS %.49098/q , 


So You SEE wilh A very SmaALL EXxPfrwsion of our INITIAL SoluTON, we 
Avé AwWFELLY abse TO The reat resdlT. 


| wheT TO POINT 0VT THAT Tou ShoulDn'T bE CRYELESS When TYPING A 


SOLUTION, The vaTYINY PArameTer MUST MAKE SewSe. A FONCTION LIKE G= 
A~ AAYegr DOESN'T ACOMPLISGH A THING. The CLASS OF TRIAL SocunONS 
Must INCLUDE OWLY ThoSE S§0ltUTIONS Which HT The PhysicAt conDiyloats 
of The Probl, If There tS A Wire or SOmEeTHwe ELSE INSIDE, Then 
You MUST ADVWBT The TriAL SOLVMNON TO TAKE 


INTO GONMSIDERATION The 
FESOLTANT VATI ATION S 


iN The LocAl fi€tp AYOUND The ChaAgncreTisnce 
SINGULAMITY, For INSTANCE th A wire TAN DowN A CAVITY CY uNDriCAL 
IM ShAPE WE MIGhT TYY 
pa + Ann 
a 


199 


) Now WANT To TALK AbovoT A CAVITY wiTh A PIECE ot DiRT IM 17. THIS 
chunk of DELECTTIC Will have some PolATIZANON ChAvee INDUCED ON IT 
pat) Tre HELD FOUND IT WILL be DISTOTTED . The VATIANON IM E WILL 
cAvSE A ShitT IN freQuencY. WE would LIKE To Know KoW much 

Wo ChANGES Lf The blob 1S SMALL ComPAYER TO The Niménws ons o+ 
The box. 


we have To WHITE DowN Maxwells EQuATNoNs for The CASE, 


Ves 4VP =p FKE)*o ,V°B=0 . VXE- 28 


Eo €o J 2 
Prop ze VxB=dE +4 ~ et KE) 
ot ot 
Nonce 1f WE TAKE VACVXE) we GET 
Vx (VxE) = 2 (KE) 
ot* 
if E=>€e%* Ghen we ceT VxCVxE)= =w"KE . Now The Solunon 
To Twis EQUATION CAN be fouND by vArYING The LNTeEerAL L 
eT ge ena RE 


s KEeE dvor 
1F The dicrecric IS SMALL The sMlLuNON WItL be close” TO The oriowAL 
soluTion Es ,h2-, VXCVKE,) = -w'Eo . Twis TEUS us TnaT 
§ (Wx Go) *(TxEdvoy = We | Eo- Eo dor. 
Now wit A SMALL DisTvYbANCE K IS AbowT w EGuAL TO | LIKE The 
SuyroUNRING VACWM, Lets ADD A SMALL fmouUNT A TO hy Aus, 
Kz ITA 
Then The  ;wTeor Al EQUATION becomes 
Se€-eldvor + SrAeG dvol, 


wt > 


Aofin 14 Tre fein noes nor VAY 
ot > S (7x Ee) ° CVX Es) duet 


§ estdvoe t} AE" duet 


The NUMEVATOr 18 JUST woyt So LETS TewntTe This As 


w > me wo = ia 
14 JA Etdvoe 1+ 
§ est dvor 
ler’s detine Y S, § \ Get dvot 


¢ Ev” dvou 


£00 


Dh IS AN AvEerAGe VALUE Which ts WEIGKTED 


DEPENDS OK how STTONG The Ea Pur The Di€vrécTric, 


That 18, 15 Eo 1S O at The PowT You PuT The vivT The trequency 
Chances 1S very SmAtL. IF The Hein 


PoInT You Pur Tre DivTr 


Over ALL SPACE. ITS VALUE 
IS where you 


Is Wreiply ChAnoine AT The 


W 1s very di fherent from Wo. Recarl Taal 
Et 1S The Everey Content of The FIELD. X'S then? 
XK = A CWotume of Dirt) + Eo (AT der) 


CVotume of Box) ( Eo” o¢ Bax ) 

1f KIS LfAvee SAY 5,Then A CAm be 4 fo The LocAL véamiATNONs 

IN The HELD chy be QuiTEe Severe Avo | hive NOT consiDeren Tis CASE, 
| michT ALSO Pont ovT TAT WY Measures The ration of MAGWENTT 

fietn Eneroy To electric Fern ENETOY, 18. 


we. J Vx &)C UKE) dyer 


wo § RB dvot 
§ KEE dvoe GK EE dvor 
Sup Ge Vx &=- 2h = 


— = $ Wo i) if RB ta ks ou 
ot 


{moTher VATIANONAL PrinciPLE which POU MIGhT hAVE TO World 
OvuT 1S A chamoe tm Me Posinon of The wail. For Insm¥nce Cowsiper 
A StienT Risterfrep SPhere Thar 1S NOW AN ELLIPSE. The WAY | co 
AlovT By SOLVING Twigs EguATION IS T® TAKE DIFterewT CoorninATe 
SY&TEMs ALONG The X, AND & AUS. One UNIT ALoncT he A AaAIS MAY 
be «4 uniTS Lone The ¥ AKG, 


My €guAnom for The Sur fice 


IsSSme xtr7ts AY pwoT Now | hAve Te correct for my scréewen 
UP coorDINATE® SYSTEM SINCE X= E dx finn P= HA dy , The 
jNTE@rAL LT becomes } ay \t Week oe 
AL = i ) ge ( sc) + eS) | Endxdy 
ee Se ee ae SE 


\ &* endxdy 
The bounnary conpinon IS ThAT @ =O Ab AP 47% =at, Now The 
PerTurhANON 18 IN The diftcyence from 4 oF Ver And “12 
Since MAT 1S The ownlY Thing dierent Sony The 


PréviovS INTECrAl. 


EIGENVALUES ANd Eloen FUNCTIONS 
Wd Like TO TALK dor A few mivuTES ON The GEREFALITY oF The 
EQUATION WE yuST Solved, Dé VxCVxX€) = 


‘ 
A Seo_unNon tor 


-ut & , Now There isn'T 
every © . We founp The Lowest W had A CertAn 
VALVE COFTESPoWDING To A PMTcULAY SPAMAL DISTTIDUTOM of E. 
But Mere 1S A Whole Sequence OF freQuewc#es Curt, Wi 


“wy ere) 
wich ALSO COrcESPOND TO ONIQUE SPANAL Distribonons , 


4.0 | 


The problem (S avST LIKE ANY MEChANICALLY ov ELECTYICALLY vibrANNne 
Stsrem. The Shitpe of E for EAth frequency 18 CALLED The MODE ShApE 
The funcnons Themsecves Are cHLLED ElG ew or ChraAcTerTiISMC Fvycnons 


While The Freqvencies ATE CALL EtGew VALUES. The GaverAl EQuAMDN IS 


is IX CVX En) = -wy En 


Hf lt bumch ALL The V operAyorS rato Gether fryd DewoTe Them by 
L, Then (CAM RewnTe ThiS EQUATION IN Gen eri. WOTANUN AS 


Lwpe= - dn UY 
Lis cawen A Linear operATOR . IT SATIShIES The EQUATION oF Property ThAT 


hiprped= LYrrypr 


| Shouto pot our white €nch ©loEn VALVE Ch be different, The 
bounD ry compiNONS Are The SAME for ALL The E1GEe wf NCTONS. 


There frre Some VELATIONS Which EXIST AMOUNG The di flerenwr MODE 


SHAPES Whick ( wovlD LIKE TO Devevope. >u ppose WE hAN fwoomer 
move | m, which SATSHED The EquAnoM " 
VX CVA Ew) = -Wm Ew 


| witt Assume Par No Two fregucwcies Are The SAME; Thar tS, There Is 
NO DEeEVEerAcY IN The EIGENVALUES. SINCE The Above EQUATION CANNOT 
be USER TO DeTErnINE The SITE OF The Eloey FUNCTION | we WILL NormAarite 
IT iS The foLtowine WAT , 


5 Ens Ex dVol = au 


Notice Mow It we mMoLMPLY Em with VACVXEn) Avp INTEOr ATE, 
J en VxXCVXE,.) dvou = - tom | ( Gn+E,.) d Vou 
INTEGFATING The Left sive Sy PATS 
} &n ~(9x(Vx Em) dvor = ( C UX Ew) (Ux Ew) dvot + J(En x M ) © (Ux Em)doud 


Now EnXxN 7S Just The ThroenNAL compowenT of E bot This 1s téro. 
Therefore | 


(9x Em)* (VxEq) dv =~ wn" | Gas Ex dyer 
If we mo The $AMC Thing To The OTREY CiOEWEQUAMION , WE ND ThAT 
) (VxEm)* (UX En)dvo ~ -Wn! ( En: Ex, dvac, 


Theretor ec we cConclLupe TnAT eke ns é Is SomeThinea wrone ¢ 


Mo. The Two EIGENVALVES COULD DitferenT it ) EmtEndvoe =O 


or Em eEn >9, This conninon’ IMplies The TWo moves ATE 
Or MoconAL TO EAChOM*Er. 
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DEGENERATE ElGEN VALVES 


As fA SE remARK , Suppose we had A CASE Where Two Moves Were 
The SfmME , kL. WNtwm. Tren The Two 


EQuATIOMS wourd Re AQ 
Vitv x En) = 


- wn En 
Vx CVX Em) = - wa’ Em 
Te see sf The ve 


1S A SOLVINON 


LeTs TYY AA Conk ATION of The wo 
FuncnoNns, E =4En tim 
Thus 
VX CVX Cd En +@Em)] = -wn? (KEN PE) 
Suppose Tre fowenons En Awa Em ARE NORMALIZED Any Jf En-Emdvor #0 
Let's verermme it 


{ Ex: E dvou =o 


J (En + & Ew + Es @Eu ) > A+pf = 


where X = J EntEm. Now WE KNow @ = -% And con IND 
@=a( En - & 


jtn note: This ends Volume 2 
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